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Für Hanna
Parabase
Freudig war vor vielen Jahren
Eifrig so der Geist bestrebt,
Zu erforschen, zu erfahren,
Wie Natur im Schaffen lebt.
Und es ist das ewig Eine,
Das sich vielfach offenbart.
Klein das Große, groß das Kleine,
Alles nach der eignen Art.
Immer wechselnd, fest sich haltend,
Nah und fern und fern und nah;
So gestaltend, umgestaltend -
Zum Erstaunen bin ich da.
J.W. v. Goethe
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VZusammenfassung
In der vorliegenden Arbeit werden Wechsel-
wirkungen von bewegenden Korngrenzen 
mit Flüssigkeitseinschlüssen untersucht. Zu 
diesem Zweck werden Untersuchungen an 
Gesteinen und gesteinsanalogen Materialien 
durchgeführt. Chemische sowie kinetische 
Wechselwirkungen von Korngrenzen mit Flüs-
sigkeitseinschlüssen haben bedeutsame 
Auswirkungen auf die Entwicklung von Mikro-
strukturen, anhand derer Rückschlüsse auf die 
mechanischen Eigenschaften sowie Bildungs-
bedingungen eines Gesteins gezogen werden. 
Um das Verständnis dieser Wechselwirkungen 
zu vertiefen werden Morphologie und Kinetik 
von Korngrenzen und Flüssigkeitseinschlüssen 
anhand natürlicher Proben und experimentell 
deformierter Analogmaterialien erforscht. Die 
empirisch hergeleiteten Zusammenhänge so-
wie theoretische Überlegungen dienen als Ba-
sis für ein numerisches Modell.
Eine Quarzkluft aus dem Hunsrückschiefer, 
deformiert und statisch rekristallisiert unter 
grünschieferfaziellen metamorphosen Bedin-
gungen, wird hinsichtlich Art und Verteilung 
von Flüssigkeitseinschlüssen in Körnern und 
Korngrenzen untersucht. Primäre, vielphasige 
Einschlüsse (CO2, H2O und Graphit) in schwach 
deformierten, alten Körnern akkumulieren an 
Subkorngrenzen. Korngrenzenmigrationsre-
kristallisation führt zur Umverteilung und Al-
teration dieser Einschlüsse und spiegelt sich 
deutlich in einem geringeren Flüssigkeitsvo-
lumen in den rekristallisierten Körnern wider. 
Korngrenzen zwischen alten und rekristallisier-
ten Körnern weisen eine unregelmäßige Struk-
tur und Flüssigkeitseinschlussverteilung auf 
und enthalten kaum Graphit. Korngrenzen von 
rekristallisierten Körnern hingegen sind glatt 
und enthalten feine Anordnungen von einpha-
sigen Flüssigkeitseinschlüssen. Die Wechsel-
wirkungen werden dahingehend interpretiert, 
dass die wässrige Phase entlang von Korngren-
zen abtransportiert wird, während Graphit im 
Kontakt mit einer Oxidationsmittel enthalten-
den Korngrenze in CO2 umgewandelt wird.
Das Verteilungsmuster von Flüssigkeitsein-
schlüssen in den Körnern wird mit unter-
schiedlich schnell bewegenden Korngrenzen 
in Verbindung gebracht.
In situ – Deformationsexperimente, welche in 
Durchlichtmikroskopie durchgeführt werden, 
ermöglichen es, die Wechselwirkungen von 
Flüssigkeitseinschlüssen mit Korngrenzen zu 
beobachten. In dieser Studie wird eine Defor-
mationsmaschine verwendet, die mit einem 
System ausgestattet ist, um Salze und Ana-
logmaterialien unter kontrolliertem Fluiddruck 
und konstanter Temperatur zu deformieren.
Polykristalliner Kampfer, ein Gesteinsana-
log, wird zusammen mit kampfergesättigtem 
Ethanol deformiert und ausgeglüht. Das Sys-
tem erlaubt es, den Einfluss von unterschied-
lich schnell bewegenden Korngrenzen auf die 
Morphologie und Kinetik der Flüssigkeitsein-
schlüsse zu beschreiben. Beobachtet wird 
zum einen das Mitschleifen und Hinterlassen 
der Einschlüsse und zum anderen, dass sehr 
schnelle Korngrenzen nicht mit Flüssigkeits-
einschlüssen interagieren. Empirisch lässt 
sich so eine kritische Korngrenzengeschwin-
digkeit in dem System bestimmen, welche 
insbesondere von der Größe der Einschlüsse 
kontrolliert wird.
Um die wichtigen Einflussgrößen in diesem 
Prozess zu bestimmen werden drei gestein-
sanaloge Systeme miteinander verglichen, 
die sich in der Löslichkeit der festen in der 
flüssigen Phase sowie im Benetzungswinkel 
unterscheiden: Kampfer mit Ethanol, Kampfer 
mit Ethylenglykol und Bischofit mit Wasser. 
Die Proben haben ähnliche Ausgangsmikro-
strukturen und werden unter vergleichbaren 
Randbedingungen (Temperatur und Glühzeit) 
ausgeglüht. Benetzungswinkel und Löslich-
keit bestätigen sich als wichtige Einflussgrö-
ßen auf die Wechselwirkung von Korngrenzen 
mit den Flüssigkeitseinschlüssen. So führt 
ein großer Benetzungswinkel zum Hinterlas-
sen des Porenfluids als isolierte Einschlüsse, 
während ein kleiner Winkel das Aufnehmen
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des Fluids in die Korngrenze begünstigt. In 
allen drei Proben konnte eine maximale Flüs-
sigkeitseinschlussgeschwindigkeit bestimmt 
werden, bis zu der ein Einschluss von einer 
bewegenden Korngrenze mitgeschleift wer-
den kann. Die Daten zeigen, dass in allen 
Proben der ratenkontrollierende Prozess Volu-
mendiffusion ist.
Analogexperimente fördern das Verständnis 
von der Entwicklung einer Mikrostruktur, je-
doch sind sie in Raum und Zeit begrenzt. Nu-
merische Modelle besitzen den Vorteil, dass
sie – zwar auch nur näherungsweise – die Ent-
wicklung einer Mikrostruktur über viele Zeitin- 
tervalle simulieren können. Um den Einfluss 
der empirisch ermittelten und theoretisch 
zugrunde liegenden Einflussgrößen zu tes-
ten wird in einem numerischen Modell Korn-
wachstum in der Anwesenheit unterschiedlich 
mobiler (großer) Partikel bei gleichbleibender 
Partikelanzahl simuliert. Die Ergebnisse zei-
gen eine nicht-monotone Beziehung zwischen 
Partikelmobilität und Kornwachstumsrate. 
Zusammenfassung
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Abstract
This thesis deals with the interaction of moving 
grain boundaries with fluid inclusions in meta-
morphic rocks and rock analogues. The grain 
scale distribution of fluids, the fluid inclusion 
morphology and kinetics have important impli-
cations for the preserved microstructure and 
therefore for interpretations on thermobaro-
metry and rheology. In order to better under-
stand the dynamics and kinetics involved and 
finally to enhance the reliability of fluid inclu-
sions used as a tool in geosciences, this thesis 
is built as a combination of investigations on i) 
natural samples, ii) analogue experiments that 
allow in-situ observations on fluid inclusion – 
grain boundary interaction with carefully selec-
ted variations of boundary conditions, and iii) 
numerical simulations.
A folded (D2) and statically recrystallized 
quartz vein from the Hunsrück Slates in Ger-
many was studied, focusing on the structure of 
multiphase fluid inclusions in primary and rec-
rystallized grains and in different types of grain 
boundaries. The primary, deformed grains con-
tain numerous, complex H2O – CO2 – graphite 
inclusions, with significant differences in fluid 
inclusion structure along subgrain boundaries. 
The recrystallized grains contain considerably 
less fluid volume. Migration of grain bounda-
ries into the old grains was accompanied by 
significant redistribution of fluids and graphite 
along the grain boundary together with oxida-
tion of graphitic inclusions to CO2. These struc-
tures were formed by complex interactions 
between fluid inclusions and grain boundaries 
migrating at different velocity. Differences in 
mobility and grain boundary velocity resulted in 
variations of drag-and-drop-interaction. Based 
on these observations a scenario is proposed 
that explains the microstructural evolution in 
context to the regional geology including im-
portant aspects of fluid-rock interaction such 
as phase separation and preferential leakage. 
Since the preserved microstructure is only a 
snapshot and provides only little information 
on formation and alteration of fluid inclusions
in recrystallized rocks, see-through deforma-
tion experiments on minerals and rock ana-
logues provide a valuable method to study the 
spatio-temporal development of microstruc-
tures. The newly developed see-through de-
formation apparatus is used to undertake de-
formation and annealing experiments using 
minerals and rock analogues containing a 
liquid phase. It resembles a miniature triaxial 
deformation apparatus and includes a cont-
rolled pore-fluid system constructed to allow 
fluid-pressures up to 30 MPa. Samples were 
made of mixtures of solid, rhombohedral cam-
phor with a liquid, saturated solution of cam-
phor in ethanol. Samples were deformed at 
high homologous temperatures (Th ~ 0.7) and 
strain rates of 1×10-6 to 9×10-4 s-1. For grain 
boundary migration rates ranging from 10-10 to 
10-6 ms-1, the experiments showed Zener pin-
ning, drag and drop of fluid inclusions by mig-
rating grain boundaries, but also the passage 
of grain boundaries over fluid inclusions wit-
hout noticeable interaction. The experiments 
also show that fluid inclusions may or may not 
be affected by a migrating grain boundary, de-
pending on the grain boundary velocity. The 
critical grain boundary velocity for the interac-
tion of migrating grain boundaries with fluid 
inclusions is dependent on the fluid inclusion 
size. For the same grain boundary velocity a 
large inclusion can be modified while a small 
inclusion is passed without being affected. 
In order to characterize the effect of variab-
le boundary conditions on the interaction of 
grain boundaries with fluid inclusions and 
the resulting microstructure, results of in-situ 
annealing experiments on rock analogues 
in the presence of different pore fluids were 
compared. Three solid–liquid systems (cam-
phor-ethanol, camphor-ethylene glycol, bi-
schofite-brine) vary in terms of wettability and 
solubility, while homologous temperatures, 
strain rates, annealing times and the initial 
textures are similar. The experiments show
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dominant parameters that influence grain 
boundary migration in a solid-liquid system 
such as the dynamic wetting angle under di-
sequilibrium conditions. The microstuctura-
levolution is influenced by i) the critical grain 
boundary velocity which is dependent on fluid 
inclusion size and above which no interaction 
of fluid inclusions and migrating grain bound-
aries occurs, and ii) maximum fluid inclusion 
velocity (also size dependent) for which flu-
id inclusions are dragged by migrating grain 
boundaries. These observations are inter-
preted to reflect the fluid inclusion mobility, 
and – compared with theoretical models – the 
trend suggests that for all three systems the 
rate limiting process is bulk diffusion and not 
surface diffusion or solution-precipitation. 
Such analogue experiments are valuable to 
characterize the effect of a mobile secondpha-
se on the evolution of microstructure, however, 
typically they are limited in space and time. A 
numerical model is used to relate empirically 
derived results and theoretical considerations 
to larger scales. In order to approach a nume-
rical description of the complex interaction of 
mobile fluid inclusions with migrating grain 
boundaries, mobile solid particles are used 
to simulate grain growth in presence of a se-
cond phase. The simulations were designed to 
show the effect of particle mobility at constant 
particle fractions on grain growth and point to 
a non-monotonous relation between particle 
mobility and grain growth rate.
Abstract
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1Introduction 
1.1 GENERAL REMARKS
The distribution of fluids in the Earth’s li-
thosphere plays a key role in determining the 
mechanical and transport properties of rocks 
(e.g., Farver and Yund, 1992; Tullis et al., 1996; 
Holness and Lewis, 1997; Boullier, 1999). Un-
derstanding the fluid distribution in a defor-
ming rock aggregate is important for modeling 
and prediction of processes in a wide range of 
geological environments, such as sedimen-
tary diagenesis and metamorphism which in-
volve recrystallization, overgrowth on original 
minerals, or the growth of new phases. Fluid 
inclusions entrapped in these processes are 
used as valuable data sources on the nature, 
composition, pressure, density and trapping 
temperature of the fluids present at the par-
ticular stage in diagenesis or metamorphism 
(Roedder, 1971; Johnson and Hollister, 1995). 
Burial and tectonic stresses enable recrystal-
lization of grains and here, fluid distribution, 
its connectivity and the wetting properties of 
the solid-liquid interface have important con-
sequences on rheology and mass transfer pro-
cesses (e.g., Urai et al., 1986a; Spiers et al., 
1990; Tullis et al., 1996; Holness and Lewis, 
1997; Schenk and Urai, 2005; Walte et al., 
2005). Primary and secondary recrystallization 
as well as microfractures resulting from defor-
mation modify the grain-scale fluid distributi-
on and thus, complicate the interpretation of 
fluid inclusions. Fundamental processes that 
occur with respect to varying p-T conditions in 
metamorphic rocks are recrystallization and 
grain growth, which involve the formation and 
migration of low angle grain boundaries by dis-
location glide and climb during nucleation and 
recovery and the migration of high angle grain 
boundaries (Humphreys and Hatherly, 1996; 
Urai and Jessell, 2001; Gottstein, 2004). The 
role of fluid inclusions in these processes has 
been demonstrated in numerous laboratory
and field studies and it has been shown that 
not only the composition of fluid inclusions 
may change during recrystallization but also 
recrystallized grain size and grain boundary 
structure may be affected by the second pha-
se (Kerrich, 1976; Roedder, 1984; Urai et al., 
1985; Hollister, 1990; Bakker, 1992; Herwegh 
et al., 2005; Brodhag and Herwegh, 2010).
In development of microstructure the role of 
grain boundary – fluid inclusion interaction 
is important from two perspectives: (i) its ef-
fect on fluid inclusion chemistry as used in 
thermo-barometric methods, and ii) its effect 
on texture development, which is inextricably 
linked to rheology. Chemical composition and 
density of the fluid are used to understand the 
circulation of fluid in the Earth’s crust. 
Detailed understanding of the processes of 
formation and alteration of fluid inclusions or 
melt pockets are valuable in applied studies 
of ore deposition (Roedder, 1984; Kolb et al., 
2000; Kolb and Meyer, 2002) or diagenesis of 
sedimentary basins (McLimans, 1987; Scho-
enherr et al., 2009). The interaction of grain 
boundaries with fluid inclusions enables 
leakage along grain boundaries or preferen-
tial entrapment and decomposition of fluid 
inclusions leading to erroneous trapping di-
agnostics. Furthermore, grain boundary fluid 
chemistry may overprint fluid inclusion che-
mistry in this process. 
In terms of rheology one should distinguish 
between the kinetic effects on the recrys-
tallized texture caused by a) grain boundary 
pinning and b) weakening effects from crys-
tal lattice penetrating fluids. Both effects are 
caused by fundamentally different processes, 
and thus may lead to misinterpretations of pa-
leostress conditions: For monomineralic rocks 
it can be assumed that the recrystallized grain 
size is controlled by the flow stress (e.g.,
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Twiss,1977; Post and Tullis, 1999; Stipp and 
Tullis, 2003; Austin and Evans, 2007), howe-
ver, the effect of fluids and rigid second pha-
ses on the texture is still poorly understood. 
Immobile particles may pin the grain bounda-
ry (Smith, 1948) while a mobile second phase 
may be dragged along by a migrating grain 
boundary (e.g., Olgaard and Evans, 1988; 
Gottstein and Shvindlerman, 1993). Second 
phase inclusions’ mobility (in vapor, liquid 
and solid state) and thus, drag and drop are 
controlled by diffusive transport of materi-
al (Chuang and Rice, 1973; Chuang et al., 
1979; Hsueh et al., 1982; Svoboda and Rie-
del, 1992). Many studies discuss the effect of 
rigid second phase particles as a function of 
particle density (e.g., Herwegh et al., 2005). 
The effect of second phase mobility in rela-
tion to grain boundary mobility and the ap-
pending driving forces is poorly investigated, 
especially for highly mobile liquid phases. 
Fluid-bearing grain boundaries serve as fast 
intergranular diffusion pathway and allow for 
stress-driven mass transfer such as pressu-
re solution (dissolution-precipitation creep, 
e.g., Rutter, 1976; Spiers et al., 1990) or fluid-
assisted grain boundary migration (e.g., Urai 
et al., 1986a).
Fluids penetrating the crystal lattice change 
the rheology of a rock and therefore its seis-
mic properties, e.g., shown by Karato and Jung 
(1998) for the incorporation of water into the 
point defects of nominally anhydrous olivine. 
Deformation experiments in the high-pressu-
re / high-temperature regime show that the 
presence of water reduces the strength of olivi-
ne aggregates (e.g., Hirth and Kohlstedt, 1996) 
and that the viscosity of the material is redu-
ced with increasing water content. Like this, 
many studies (e.g., Urai et al., 1986a; Spiers 
et al., 1990; Post and Tullis, 1999; Dimanov et 
al., 1999; Kohlstedt et al., 2003; Schenk and 
Urai, 2004; Schenk et al., 2005; Ter Heege et 
al., 2005) show that a dry rock volume is con-
siderably stronger than a rock volume that con-
tains water as a fluid phase. This phenomenon 
is known as the water-weakening effect. The 
variety of processes involved retarding or en-
hancing grain boundary migration rates com-
plicate the microstructural and rheological in-
terpretation e.g., that of grain size in terms of 
paleo-flow stress reconstruction (de Bresser et 
al., 1998).
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1.2 THE AIM OF THIS STUDY
The interaction of migrating grain boundary 
with fluid inclusions is diverse: i) fluid inclu-
sions may be dragged along with the grain 
boundary, ii) they can pin the boundary, or iii) 
they may be left behind. For a fluid with a mixed 
composition these processes may affect the 
different phases of the fluid in a different way, 
i.e., for H2O - CO2 mixture the CO2 may be left 
behind whereas the H2O moves along with the 
grain boundary, possibly leading to erroneous 
p-T estimates when the paleo-conditions are 
measured in the left-behind inclusions. Fast 
diffusion grain boundaries show the ability to 
partly or completely obliterate the preexisting 
fluid volume in grains (Drury and Urai, 1990; 
Jessell et al., 2003). Fluid inclusions can also 
form from fluid films on grain boundaries when 
– in the absence of a driving force (equilibrium 
conditions) – grain boundary migration ceases 
and the fluid layer contracts into an array of 
isolated inclusions (Urai et al., 1986b). 
The aim of this study is to investigate the in-
teraction of inclusions and grain boundaries in 
minerals and rock analogues in order to better 
understand the dynamics and kinetics involved 
and finally to enhance the reliability of fluid in-
clusions used as a tool in geology. This study 
addresses questions like: What is the magni-
tude of velocity of grain boundary loaded with 
a fluid phase? How is a fluid phase distributed 
and reorganized during recrystallization and 
recovery? Which role does pore-fluid chemistry 
play in weakening processes and texture deve-
lopment? What is the effect of variable bound-
ary conditions such as stress, strain rate and 
temperature? A preferably complete analysis of 
the interplay of all influencing parameters that 
affect the recrystallized texture in the presence 
of a second (and in particular fluid) phase is 
desired to fully understand the relation bet-
ween microstructure and extrinsic conditions.
In order to gain such knowledge this thesis is 
built as a combination of investigations on i) 
natural samples, ii) analogue experiments, 
and iii) numerical simulations: while a case 
study on statically recrystallized quartz vein 
from the Hunsrück slates (Germany) allowed 
detailed observations of a variety of multi-
phase inclusion-grain boundary interaction, 
the deformation experiments in transmitted 
light provided insight into the kinetics of this 
interaction as they allowed for in-situ charac-
terization of fluid inclusion, grain boundary 
morphologies, and recrystallization texture. 
Results were adopted as input parameters for 
numerical modeling which enabled to study 
and quantify the dependencies of some key 
parameters and boundary conditions for the 
second phase – grain boundary interaction 
and developing microstructure.
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1.3 OVERVIEW OF THIS THESIS
Chapter 2 is a short review of in-situ experi-
ments in see-through deformation apparatu-
ses. Developments of technical and scientific 
issues since pioneer studies by W. Means and 
J.L. Urai in the early 80ties are presented. This 
chapter also gives an outlook on possibilities 
to enhance in-situ measurements on strain, 
stress, and lattice orientation.
In chapter 3 a natural sample from the Huns-
rück slate is investigated to better understand 
the grain boundary – fluid inclusion inter-
action in relation to the microstructural de-
velopment under greenschist metamorphic 
conditions. A folded and statically recrystal-
lized quartz vein contains complex H2O – CO2 
– graphite inclusions with evidence of grain 
boundary – fluid inclusion interaction. The 
study focuses on morphology and distribution 
of multiphase inclusions in preserved defor-
med primary grains, in statically recrystallized 
grains, and in grain boundaries. A geological 
scenario is proposed that explains i) the inter-
action and redistribution of the different types 
of inclusions with the different types of grain 
boundaries and ii) the microstructural evoluti-
on in context to the regional geology. 
The interaction of fluid inclusions with migra-
ting grain boundaries usually involves chan-
ges of the fluid inclusion morphology. In ana-
logue experiments fluid inclusions were seen 
to be dragged and dropped, involving necking 
and break up into arrays of smaller fluid in-
clusions. To get insight into the dynamics of 
these processes chapter 4 presents detailed 
description and analysis of fluid inclusion 
morphology changes during drag and drop 
as seen and their implications on the deve-
loping microstructure in a set of in-situ defor-
mation and annealing experiments using rock 
analogue camphor with saturated ethanol as 
the fluid phase. Furthermore, a drag limiting 
migration rate is presented above which flu-
id grain boundaries do not interact with fluid 
inclusions. 
In chapter 5 fluid inclusion morphology varia-
tions and fluid inclusion velocity during drag 
are set into context with variations of wetting 
properties and solubility. For this purpose, 
transmitted light in-situ annealing experiments 
were conducted on three different solid-liquid 
systems: bischofite with saturated brine, cam-
phor with ethanol, and camphor with ethylene 
glycol. These systems are compared in terms 
of wettability and solubility, while homologous 
temperatures, strain rates, annealing times 
and the initial textures are similar. Empirical 
data on fluid inclusion size and velocity are cor-
related to grain boundary velocity and provide 
information on the rate-limiting processes. 
In chapter 6 a numerical model is presented 
which approaches a description of the interac-
tion of migrating grain boundaries with mobile 
second phase particles during grain growth. 
The model implements mobile second-phase 
particles into the existing grain growth applica-
tion ‘gg’ of the microstructural simulation plat-
form ‘elle’. The simulations are run with cons-
tant starting geometry and particle fraction but 
with variations in the particle mobility to show 
the effect of the mobility ratio of particles and 
grain boundaries on grain size evolution. This 
chapter shall be understood as an outlook, 
since here the complexity of suchsystem with 
numerous intrinsic and extrinsic 
variables is reviewed. A few characteristics are 
pointed out that should be investigated in con-
tinuation studies.
Chapter 1
5
1.4.1 Articles
Schmatz, J. and Urai, J.L. in press. The interaction of mig-
rating grain boundaries and fluid Inclusions in natu-
rally deformed quartz: a case study of a folded and 
partly recrystallized quartz vein from the Hunsrück 
Slate, Germany. Journal of Structural Geology.
Schmatz, J., Schenk, O., Urai, J.L. in press. The interac-
tion of migrating grain boundaries and fluid inclu-
sions in rock analogues: the effect of wetting angle 
and fluid inclusion velocity. Contributions to Mine-
ralogy and Petrology. DOI: 10.1007  /  s00410-010-
0590-3.
Schmatz, J. and Urai, J.L. 2010. The interaction of fluid 
inclusions and migrating grain boundaries in a rock 
analogue: deformation and annealing of polycrys-
talline camphor–ethanol mixtures. Journal of Meta-
morphic Geology 28(1), 1-18.
1.4.2 Conference Proceedings
Schmatz, J., Schenk, O., Urai, J.L. 2009. In-situ investiga-
tions of grain boundary–fluid inclusion interaction 
in recrystallizing rock analogues. Eos Trans. AGU, 90 
(52), Fall Meet. Suppl., V43C-2277.
Schmatz, J. and Urai, J.L. 2009. In-situ observations of 
fluid inclusion – grain boundary interaction in rec-
rystallizing rock analogue camphor. EGU General As-
sembly 2009, Vienna, Austria, 19 – 24 April 2009, 
Geophysical Research Abstracts, 11.
Schmatz, J., Bons, P. D., Becker, J. K., Urai, J. L. 2008. 
On the Kinetics of Fluid Inclusions in Recrystalli-
zing Rocks. Final EuroMinScI Conference, Obernai, 
France, 24-26 Novembre 2008.
Schmatz, J., Bons, P. D., Becker, J. K., Urai, J. L. 2008. 
The Kinetics of Fluid Inclusions in Recrystallizing 
Rocks - Evidence from Analogue and Numerical 
Models. Geo 2008; International Conference and 
106th annual meeting of the Deutsche Gesellschaft 
für Geowissenschaften e. V. (DGG) and 98th annual 
meeting of the Geologische Vereinigung e.V. (GV), 
Aachen, Germany, September 29 - October 2, 2008, 
Schriftenreihe der Deutschen Gesellschaft für Geo-
wissenschaften, Deutschen Gesellschaft für Geo-
wissenschaften e.V. (DGG), 60, 78.
Schmatz, J., Urai, J.L. 2008. The role of fluid-filled grain 
boundaries in substructure development: new in-
sights from see-through deformation experiments. 
EGU 2008, Vienna, Austria.
Schmatz, J., Urai, J.L. 2008. The role of fluid-filled grain 
boundaries in substructure development: new in-
sights from see-through deformation experiments. 
2nd EuroMinSci Conference, France.
Schmatz, J., Urai, J.L. 2008. The role of fluid-filled grain 
boundaries in substructure development: new in-
sights from see-through deformation experiments. 
Tectonics Studies Group Annual Meeting, La Roche-
en-Ardenne, Belgium, 8th-11th January, 2008, pp. 
104-105.
Schmatz, J., Urai, J.L. 2007. Water-assisted recrystalliza-
tion of halite single crystals and gamma-irradiated 
polycrystals: first results from in-situ deformation 
experiments in transmitted light. 1st EuroMinSci 
Conference, La Colle-sur-Loup, France.
1.4  PARTS OF THE THESIS WHICH HAVE BEEN PUBLISHED
6Introduction
1.5 REFERENCES
Austin, N. J. & Evans, B., 2007. Paleowattmeters: A 
scaling relation for dynamically recrystallized grain 
size. Geology, 35(4), 343-346.
Bakker, R. J., 1992. On modifications of fluid inclusions 
in quartz. Re-equillibration experiments and ther-
modynamic calculations on fluids in natural quartz, 
Rijksuniversiteit Utrecht.
Boullier, A.-M., 1999. Fluid inclusions: tectonic indica-
tors. Journal of Structural Geology, 21, 1229–1235.
Brodhag, S. H., Herwegh, M., 2010. The effect of diffe-
rent second-phase particle regimes on grain growth 
in two-phase aggregates: insights from in situ rock 
analogue experiments. Contributions to Mineralogy 
and Petrology, 160(2), 219-238.
Chuang, T.-J., Kagawa, K. I., Rice, J. R. & Sills, L. B., 1979. 
Overview no. 2: Non-equilibrium models for diffusi-
ve cavitation of grain interfaces. Acta Metallurgica, 
27, 265–284.
Chuang, T.-J. & Rice, J. R., 1973. The shape of intergranu-
lar creep cracks growing by surface diffusion. Acta 
Metallurgica, 21, 1625–1628.
de Bresser, J. H. P., Peach, C. J., Reijs, J. P. J. & Spiers, C. 
J., 1998. On dynamic recrystallization during solid 
state flow; effects of stress and temperature. Geo-
physical Research Letters, 25(18), 3457-3460.
Dimanov, A., Dresen, G., Xiao, X. & Wirth, R., 1999. Grain 
boundary diffusion creep of synthetic anorthite ag-
gregates: The effect of water. Journal of Geophysical 
Research, 104(B5), 10,483-10,497.
Drury, M. R. & Urai, J. L., 1990. Deformation-related 
recrystallization processes. Tectonophysics, 172, 
235–253.
Farver, J. R. & Yund, R. A., 1992. Qxygen diffusion in a 
fine-grained quartz aggregate with wetted and non-
wetted microstrucutres. Journal of geophysical re-
search, 97(B10), 14,017-14,029.
Gottstein, G., 2004. Physical Foundations of Materials 
Science. Springer, Berlin, 504.
Gottstein, G. & Shvindlerman, L. S., 1993. Theory of 
grain boundary motion in the presence of mobi-
le particles. Acta Metallurgica Materialia, 41(11), 
3267-3275.
Herwegh, M., Berger, A. & Ebert, A., 2005. Grain coarse-
ning maps: A new tool to predict microfabric evoluti-
on of polymineralic rocks. Geology, 33, 801-804.. 
Hirth, G. & Kohlstedt, D. L., 1996. Water in the upper 
ozeanic mantle: implications for rheology, melt ex-
traction and evolution of the lithosphere. Earth and 
Planetary Science Letters, 144, 93–108.
Hollister, L. S., 1990. Enrichment of CO2 in fluid inclu-
sions in quartz by removal of H2O during crystal-
plastic deformation. Journal of Structural Geology, 
12(7), 895-901.
Holness, M. B. & Lewis, S., 1997. The structure of the 
halite-brine interface inferred from pressure and 
temperature variations of equilibrium dihedral an-
gles in the halite-H2O- system. Geochimica et Cos-
mochimica Acta, 61(4), 795-804.
Hsueh, C. H., Evans, A. G. & Coble, R. L., 1982. Mi-
crostructure development during final  /  intermedia-
te stage sintering, I. Pore / grain boundary separati-
on. Acta Metallurgica, 30, 1269–1279.
Humphreys, F. J. & Hatherly, M., 1996. Recrystallization 
and related annealing phenomena. Pergamon, 497.
Jessell, M. W., Kostenko, B. & Jamtveit, B., 2003. The 
preservation potential of microstructures during 
static grain growth. Journal of Metamorphic Geolo-
gy, 21, 481–491.
Johnson, E. L. & Hollister, L. S., 1995. Syndeformational 
Fluid Trapping in Quartz - Determining the Pressure-
Temperature Conditions of Deformation from Fluid 
Inclusions and the Formation of Pure CO2 Fluid In-
clusions during Grain-Boundary Migration. Journal 
of Metamorphic Geology, 13(2), 239-249.
Chapter 1
7
Karato, S. & Jung, H., 1998.Water, partial melting and 
the origin of the seismic low velocity and high at 
tenuation zone in the upper mantle. Earth and Pla-
netary Science Letters, 157, 193-207. 
Kerrich, R., 1976. Some effects of tectonic recrystallisa-
tion on fluid inclusions in vein quartz. Contributions 
to Mineralogy and Petrology, 59, 195-202.
Kohlstedt, D. L., Majumder, S. & Mei, S., 2003. Water 
Weakening of Clinopyroxene in the Diffusion Creep 
Regime. In: AGU Fall Meeting, Eos Trans. AGU, San 
Francisco.
Kolb, J., Kisters, A. F. M., Hoernes, S. & Meyer, F. M., 
2000. The origin of fluids and nature of fluid-rock 
interaction in mid-crustal auriferous mylonites of 
the Renco mine, southern Zimbabwe. Mineralium 
Deposita, 35, 109–125.
Kolb, J. & Meyer, F. M., 2002. Fluid inclusion record of the 
hypozonal orogenic Renco gold deposit (Zimbabwe) 
during the retrograde P-T evolution. Contributions to 
Mineralogy and Petrology, 143, 495–509.
McLimans, R. K., 1987. The application of fluid inclusi-
ons to migration of oil and diagenesis in petroleum 
reservoirs. Applied Geochemistry, 2, 585–603.
Olgaard, D. L. & Evans, B., 1988. Grain growth in syn-
thetic marbles with added mica and water. Contribu-
tions to Mineralogy and Petrology, 100, 246–260.
Post, A. & Tullis, J., 1999. A recrystallized grain size pi-
ezometer for experimentally deformed feldspar ag-
gregates. Tectonophysics, 303(1-4), 159-173.
Roedder, E., 1971. Fluid-inclusion evidence on the en-
vironment of formation of mineral deposits of the 
southern Appalachian valley. Economic Geology, 
66, 777-791.
Roedder, E., 1984. Fluid Inclusions. Reviews in Minera-
logy, 12, 644.
Rutter, E. H., 1976. The kinetics of rock deformation by 
pressure solution. Philosophical Transactions of the 
Royal Society of London A 283, 203-219.
Schenk, O. & Urai, J. L., 2004. Microstructural evolution 
and grain boundary structure during static recrystal-
lization in synthetic polycrystals of Sodium Chloride 
containing saturated brine. Contributions to Minera-
logy and Petrology, 146, 671–682.
Schenk, O. & Urai, J. L., 2005. The migration of fluid-
filled grain boundaries in recrystallizing synthetic 
bischofite: first results of in-situ high-pressure, 
high-temperature deformation experiments in 
transmitted light. Journal of Metamorphic Geology, 
23, 695–709.
Schenk, O., Urai, J. L. & Evans, B., 2005. The effect of 
water on recrystallization behavior and grain bound-
ary morphology in calcite-observations of natural 
marble mylonites. Journal of Structural Geology, 27, 
1856–1872.
Schoenherr, J., Urai, J. L., Kukla, P. A., Littke, R., Schlé-
der, Z., J.-M., L., Newall, M. J., Al-Abry, N., Al-Siyabi, 
H. & Rawahi, Z., 2007. Limits to the sealing capacity 
of rock salt; a case study of the infra-Cambrian Ara 
Salt from the South Oman salt basin. AAPG Bulletin, 
91, 1541–1557.
Smith, C. S., 1948. Grains, Phases, and Interfaces - an 
Interpretation of Microstructure. Transactions of the 
American Institute of Mining and Metallurgical Engi-
neers, 175, 15-51.
Spiers, C. J., Schutjens, P. M. T. M., Brzesowsky, R. H., 
Peach, C. J., Liezenberg, J. L. & Zwart, H. J., 1990. 
Experimental determination of constitutive parame-
ters governing creep of rocksalt by pressure soluti-
on. In: Deformation mechanisms, rheology and tec-
tonics (eds Knipe, R. J. & Rutter, E. H.), pp. 215-227, 
Leeds, United Kingdom.
Stipp, M. & Tullis, J., 2003. The recrystallized grain size 
piezometer for quartz. Geophysical Research Let-
ters, 30(21), 2088, doi:10.1029 / 2003GL018444.
8Introduction
Svoboda, J. & Riedel, H., 1992. Pore-boundary interac-
tions and evolution equations for the porosity and 
the grain size during sintering. Acta Metallurgica et 
Materialia, 40, 2829–2840.
Ter Heege, J. H., De Bresser, J. H. P. & Spiers, C. J., 2005. 
Dynamic recrystallization of wet synthetic polycrys-
talline halite: dependence of grain size distribution 
on flow stress, temperature and strain. Tectonophy-
sics, 396, 35–57.
Tullis, J., Yund, R. & Farver, J., 1996. Deformation-en-
hanced fluid distribution in feldspar aggregates and 
implications for ductile shear zones. Geology, 24, 
63–64.
Twiss, R. J., 1977. Theory and Applicability of a Recrys-
tallized Grain-Size Paleopiezometer. Pure and Ap-
plied Geophysics, 115(1-2), 227-244.
Urai, J. L. & Jessell, M. W., 2001. Recrystallization and 
grain growth in minerals: recent developments. In: 
Recrysatllization and Grain Growth, Proceedings of 
the first joint international conference 1 (eds Gott-
stein, G. & Molodov, D.), pp. 
Urai, J. L., Spiers, C. J., Peach, C. J. & Zwart, H. J., 1985. 
Water assisted recrystallization in gamma- irradia-
ted rocksalt, Intern. Atomic Agency Waste Manage-
ment Research.
Urai, J. L., Means, W. D. & Lister, G. S., 1986a. Dynamic 
recrystallization of minerals. In: Mineral and rock 
deformation; laboratory studies; the Paterson volu-
me. AGU Geophysical Monograph (eds Hobbs, B. E. 
& Heard, H. C.), pp. 161–199.
Urai, J. L., Spiers, C. J., Zwart, H. J. & Lister, G. S., 1986b. 
Weakening of rock salt by water during long-term 
creep. Nature 324(6097), 554-557.
Walte, N. P., Bons, P. D. & Passchier, C. W., 2005. De-
formation of melt-bearing systems – insight from in 
situ grain-scale analogue experiments. Journal of 
Structural Geology, 27, 1666–1679.
9Urai-Means rig – the next generation
2.1 APPARATUS – PAST TO PRESENT
Pioneer work by Win D. Means (e.g., Means, 
1983) and Janos L. Urai (e.g., Urai et al., 1980; 
Urai, 1983; Urai et al., 1986) investigating 
transparent polycrystalline materials in see-
through deformation apparatus mounted on 
petrographic microscopes was adopted and 
modified by numerous researchers (e.g., Wil-
son, 1986; Ree, 1990). The variety of materi-
als used, setups and though applications of 
these kinds of experiments is excaptional in 
the broad field of microdynamic modeling. 
Bons (1993) provides an extensive overview of 
appropriate model materials and applied stu-
dies. In Table 2.1 a number of later studies are 
summarized, without claiming completeness. 
Classically, a sample sandwiched in between 
two glass plates is subjected to simple shear, 
rotational shear or pure shear, but also stati-
cally heated or annealed while microstructural 
processes can be observed using transmitted 
light microscopy. Many studies also show the 
effect of a second phase on the shearing beha-
vior of the polycrystals (e.g., Bons, 1993; Ten 
Brink and Passchier, 1993; Bauer et al., 2000; 
Walte et al., 2005; Brodhag and Herwegh, 
2010; this thesis chapters 4 and 5).
The newly developed see-through deformati-
on apparatus, first established by Schenk and 
Urai (2005) follows the design of Urai (1987);
it resembles a miniature triaxial deformation 
ap-paratus and includes a controlled pore-
fluid system constructed to allow fluid-pres-
sures up to 30 MPa (Figs. 2.1 and 2.2). Using 
standard optical microscopy temperatures up 
to 250 °C are reasonable. Schenk and Urai 
(2005) conducted deformation experiments 
on bischofite in presence of saturated brine at 
temperatures up to 90 °C and fluid pressure 
up to 1 MPa. The key element of this generati-
on of the Urai-Means rig is the fluid-compen-
sated s1-piston (Fig. 2.3). It ensures that pore-
fluid pressure is constant also under dynamic 
conditions.
A fluid pressure system as provided by this 
deformation apparatus does not have an ef-
fect on the effective stress. However, control 
of the fluid pressure is necessary because the 
dihedral angle is a function of fluid pressure 
(Holness and Lewis, 1997; Schenk and Urai, 
2005) and the formation of gas bubbles in 
the pore fluid must be suppressed. Suppres-
sion of gas bubbles is important since they 
may pin grain boundaries and thus affect the 
grain boundary mobility (e.g., Farrell et al., 
1970). However, a fluid pressure system that 
provides fluid pressures in the range of 5-30 
MPa would be desirable to simulate confining 
pressures in the first few kilometers of the 
Earth’s upper crust.
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Table 2.1. List of in-situ see-through experiments on transparent polycrystals published after 1993.
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Insulation
Insulation
Heating
Top cover with
precision screw
σ1-piston
Heating
Outlet
Inlet
Deformation 
chamber
Blank plug
4 cm
Fig. 2 .1. Construction drawing (CAD) showing essential parts of the deformation apparatus: deformation 
chamber, s1-piston, heating and insulation.
Insulation Top cover with
precision screw
σ1-piston
Heating
Deformation 
chamber
Motor assembly
5 cm
Fig.  2 .2. Construction drawing (CAD) showing section of the deformation apparatus: deformation chamber, 
s1-piston, heating, insulation and motor assembly.
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High fluid-pressures as well as high tempera-
tures demand absolutely precise manufacto-
ry and carefully selected building materials. 
Sealing at metal-glass contacts is the appara-
tus’ Achilles’ heel and O-ring seals have tur-
ned out to be appropriate sealing materials. 
However, for higher temperatures and pres-
sures the apparatus used by Schenk and Urai 
(2005) had to be revised.
Hilgers et al. (2004) showed a different ap-
proach of see-through experiments. They 
grew veins of analogue material in a trans-
mitted-light cell from an advecting supersatu-
rated fluid, in order to better understand the 
microstructural evolution during vein growth. 
This was realized by pumping brine from a 
reservoir into a transparent cell with a tem-
perature gradient. A combination of this type 
of experiment with the classical approach is 
thinkable and would cover a broad range of 
Fig. 2 .3. Construction drawing (CAD) showing sec-
tion of fluid-compensated s1-piston. Draina-
ge diameter allows constant fluid pressure 
under dynamic conditions.
microstructural features such as e.g., synki-
nematic vein growth or mineral replacement 
with a varying pore fluid composition. Howe-
ver, for this purpose at least the existing flu-
id system had to be modified because it was 
not designed for continuous fluid flow.
Wilson (1986) did pioneer work with model 
material ice. Working with polycrystalline ice 
as rock analogue or to get insights to e.g., the 
creep behaviour of glaciers demands a well-
calibrated and sensitive cooling system, as re-
asonable experiments should be undertaken 
between -10 and-1 °C. The prototype used by
Schenk and Urai (2005) does not containa 
cooling system. Therefore, conducting ex-
periments below room temperature requires 
further modifications of the apparatus.
2.1.1 Realized modifications
Within the scope of this thesis the existing pro-
totype was customized according to the requi-
rements mentioned above. The new apparatus 
fulfils high standard machine engineering. O-
ring fittings were improved to ensure sealing at 
required conditions. Still, a careful selection of 
O-ring material and hardness in accordance to 
selected p-T conditions is necessary. To allow 
temperatures up to 100 °C and pressures up 
to 3 MPa O-rings were tested in functionality 
NMR- (shore 70; ISO 3601-1). All metal pieces 
being in contact with the sample materials were 
manufactured from high quality stainless steel 
(V4A) to ensure resistance against e.g., super-
salinar fluids which are often used as additive, 
pore fluid, or confining pressure medium. The 
new apparatus provides a closed fluid-pump 
system with adjustable fluid flow in both di-
rections. The pore-fluid can be doped with ad-
ditives (e.g., ions or colors) or its composition 
can be analyzed at several locations. A cooling 
system was developed which can be used with 
different kinds of coolants, gaseous or liquid, 
such as air, water, or liquid gases. The heating 
is then used to calibrate the temperature (see 
Appendix B for a setup manual.
Also a simplified version of the deformation 
chamber used by Schenk and Urai (2005) has 
been developed for experiments for which no 
pore-fluid pressure is required. A detailed de-
scription of this rig can be found in chapter 4.
2.2 OUTLOOK
2.2.1 In-situ strain
The most common way measuring in-situ strain 
in see-through experiments is adding SiC grin-
ding powder to the sample acting as passive 
strain markers (e.g., Urai and Humphreys,
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Fig. 2 .4. Sliced silicone tubes in camphor-ethylene 
glycol (see experiment ce04, Appendix A ac-
ting as passive strain markers. t1 is immedia-
tely after sintering (compare with chapter 4), 
prior to deformation, longitudinal strain at t2 
is ε = -0.14 and ε  = -0.18 at t3.
2000; chapter 4). This technique is appropriate 
for organic rocks analogues such as camphor 
or OCP (octachloropropane). Manual strain 
measurements using these marker particles 
and Adobe Illustrator CS3 measuring tools are 
described in chapter 4.
Alternatively slices from autoclave silicone tu-
bes were added to the sample and cut down
to the samples’ thickness. The diameters 
range between 1-2 mm and wall thicknesses 
between 100 and 750 µm and therefore these 
slices cover a broad range of elastic strength. 
The mechanical properties of the selected 
materials are not yet calibrated and also the 
effect of friction at the glass plates has to be 
considered. However, the deformation beha-
vior of the slices (Fig. 2.4) could be used to 
qualitatively characterize the internal strain 
field. 
Particle Image Velocimetry (PIV) is a velocity-
measuring technique which was originally 
developed in the field of fluid mechanics. The 
flow field of a fluid can be examined visualizi-
ng the flow with marker particles and tracking 
the movement of small patches within a larger 
image (Adrian, 1991). Marker particles (SiC 
grinding powder, chapter 4) were added to 
the samples of rock analogue camphor. This 
technique allows automized measurements 
of plastic strain and grain boundary sliding 
(Fig. 2.5). 
Fig. 2 .5. Image showing grain boundary sliding in 
camphor–glycol experiment (ce04, Appendix 
A). Transparent overlay shows displacement 
vector field of relative movement of two adja-
cent camphor grains.
500 µm
σ1
t1
t2
t3
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2.2.2 In-situ stress
Grain boundaries are far more complex than 
simple geometric boundaries between phase 
regions (grains). They are complicated struc-
tures, involving zones of distorted crystal latti-
ce and, when wet, highly dynamic two-phase 
zones with solid-solid contacts and fluid-filled 
regions (island-and-channel model, Lehner, 
1990), or thin fluid films (e.g., Hickman and 
Evans, 1991). The internal microstructure of 
grain boundaries immediately reacts to chan-
ges of boundary conditions, such as the ap-
plied stress (e.g., pressure solution: Lehner, 
1994; Rutter, 1976; grain boundary sliding: 
Drury et al., 1989; grain boundary migrati-
on recrystallization: Urai et al., 1986; Rutter, 
1995). To improve stress measurements and
in-situ monitoring of the experiments, a new in-
ternal mechanical-optical load cell system has 
to be developed. Ideally it would enable mea-
surements from all principal stress directions. 
This would require high precision measuring 
tools in three “perpendicular” directions. Sam-
ple setup and sample holders are described 
in chapter 4. The present design of the defor-
mation chamber does not allow such triaxial 
measurements. However, first steps to control 
the in-situ stress field have already been done. 
Tabular, well-calibrated springs which can be 
placed into the sample holder were developed 
for optical stress measurements in direction of 
the highest principal stress (Fig. 2.6).
σ1
(a) (b)
 Fig. 2 .6. Sketches showing sample holder used for optical stress measurements (see also chapters 4 and 5) (a) 
with single optical load cell and (b) two load-cells in direction of maximum principal stress. Spacers that 
allow volume-constant strain are sketched in (b). Note that the sample holder size depends on the size of 
the deformation chamber (outer ∅ is 3 or 4.5 cm).
Here, it has to be noted that at least the ef-
fect of friction at glass contacts of sample 
and spring have to be characterized before 
using optical load-cells for quantitative stress 
measurements. Following work of Schutjens 
(1991), who studied pressure solution beha-
vior of compacted NaCl-crystals, the elastic
resilience of the spring (Fig. 2.7) was calibrated 
to be applied in the field of diffusion-controlled 
creep in wet NaCl-polycrystals (~15 MPa, grain 
size ~200 µm). Figure 2.8 shows a combinati-
on of stress measurements using these calib-
rated load-cells and strain measurements by 
means of PIV.
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Fig. 2 .7. Photographs showing experiments with 
rock salt using optical load-cells in a fluid-
pressure compensated setup. Temperature 
was 85 °C, strain rate was ~4 × 10-5ms-1. (a) 
is synthetic polycrystalline halite prior to de-
formation and (b) after ~20% uniaxial shor-
tening and complete recrystallization. (c) is 
a setup with undeformed and pre-deformed 
halite single crystals prior to deformation 
and in (d) after ~20% uniaxial shortening. 
Deformation was accompanied by plastic 
strain, grain boundary sliding and most like-
ly pressure solution. See also Fig. 2.8. In (e) 
force dependent deflection for two load-cell 
designs is shown.
700 µm
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σ1
b
c d
a
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Fig. 2 .8. Micrograph with PIV overlay of the deformation experiment with halite 
single crystals shown in Figs. 2.7c and d. PIV-overlay of incremental velocity 
field points to plastic strain in the upper crystal. Note displacement gradient 
with decreasing displacement from left to right. Stress calculated from con-
tact area and load-cell deflection is 15 MPa, strain rate is ~4 × 10-5ms-1.
2.2.3 In-situ orientation
An early objective of this study was to iden-
tify how grain boundaries affect smaller-scale 
structures, such as subgrain boundaries. Un-
dertaking deformation experiments on polyc-
rystalline camphor (chapters 4 and 5) allows 
the investigation of the strain dependent 
behavior of low angle grain boundaries. Due 
to its rhombohedral nature, grain boundaries 
but also subgrain boundaries are excellently 
exposed in crossed polarized light (e.g., orien-
tation of polarizers N-S, E-W). To characterize 
the deformed texture properly, it is necessary 
to identify the crystallographic misorientati-
on. C-axis inclination can be identified using 
a U-stage by rotating the stage until the c-axis 
orientation is perpendicular to the optical 
path and therefore does not show extinction. 
This method is not applicable to our experi-
mental setup as it does not allow rotation or 
inclination. A more practical way is to adopt 
the method proposed by Panozzo Heilbronner 
and Pauli (1993), who integrated spatial
and orientation analysis of quartz c-axes by 
computer-aided microscopy (CIP). However, 
using an optical invertoscope without rotation 
stage (Fig. 2.9) it was not possible to employ 
this automated crystallographic fabric analysis 
in its full capacity. Rotating the crossed polari-
zers is an alternative to accomplish an automa-
ted orientation pattern of the whole sample. 
The invertoscopes’ polarizers were equipped 
with constant speed step motors that run an 
assembly which rotates the polarizers at con-
stant time intervals. The automated image re-
cording system takes micrographs at constant 
time intervals. This method allows a fully auto-
mated fabric analysis system to derive in-situ 
orientation images of the samples. However, 
without tilting the stage it is still not possible 
to distinguish whether crystal misorientation 
is in negative or positive direction relative to 
the microscope stage. First results are shown 
in Fig. 2.10.
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In-situ deformation 
apparatus
High-resolution
digital camera
External assembly
to control uid pressure Manoscope
Optical invertoscope
PC supply for digital image,
temperatur and strain recordings
Connection heating block
to thermocouple
Connection σ1-piston to
constant-speed step motor
Rotatable 
polarizer
Rotatable 
polarizer
Fig. 2.9. Photograph of deformation apparatus placed on invertoscope.
a
b
500 µm
0º 45º 90º
0º 45º 90º
Fig. 2 .10. Image sequences showing (a) analogue experiment with camphor and camphor saturated 
ethanol prior to deformation (temperature is 25 °C). Micrographs were taken with simultaneously 
rotated (0-90°), crossed polarizers. (b) is the same experiment after 5% shorting with a strain rate 
of ~ 4 × 10-3ms-1 also recorded with rotating polarizers.
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The interaction of migrating grain  
boundaries and fluid inclusions in naturally  
deformed quartz: 
a case study of a folded and partly recrystallized 
quartz vein from the Hunsrück Slate, Germany 
Schmatz, J. and Urai, J.L. in press. The interaction of migrating grain boundaries and 
fluid Inclusions in naturally deformed quartz: a case study of a folded and partly recrys-
tallized quartz vein from the Hunsrück Slate, Germany. Journal of Structural Geology. 
ABSTRACT
We studied the microstructure of a folded (D2) and statically recrystallized quartz vein from 
the Hunsrück Slates in Germany focusing on the structure of fluid inclusions in the old and new 
grains and in the different types of grain boundaries. Blocky vein quartz grains show undulose 
extinction and develop subgrains. New grains form by subgrain rotation and grain boundary 
migration, with a bimodal size distribution. 
The old, deformed grains contain numerous, complex, H2O – CO2 – graphite inclusions, with 
significant differences in fluid inclusion structure along subgrain boundaries. The new grains 
have a lower content of H2O-rich inclusions than the old grains and do not contain graphite, 
and there is a significant difference in volume and density of fluid inclusions between the large 
and small new grains. Grain boundaries between old and new grains are irregular, containing 
similar fluid inclusions as the old grains, but no enrichment in graphite, while grain bound-
aries between new grains are smooth which can be inclusion-free or contain arrays of fluid 
inclusions.
We interpret these structures to have formed by a series of complex interactions between grain 
boundaries migrating at different velocity and the fluid inclusions, where differences in mobi-
lity and grain boundary velocity can result in different variations of drag and drop- interaction, 
and where chemical differences lead to phase separation during grain-boundary – fluid inter-
action. Migration of grain boundaries into the old grains was accompanied by significant redis-
tribution of fluids and graphite along the grain boundary together with oxidation of graphitic 
inclusions to CO2. Fluid films along boundaries between new grains healed into fluid inclusion 
arrays, probably after the grain boundaries stopped moving.
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Diagenesis and metamorphism involves rec-
rystallization and/or crystal growth. Fluid in-
clusions entrapped in this process are used as 
valuable proxies on the nature, composition, 
pressure, density and trapping temperature of 
the fluids present (e.g., Roedder, 1984; Much-
ez et al., 1995). The fundamental process du-
ring recrystallization and grain growth is grain 
boundary migration. During this process, syn- 
or post-deformational formation and migrati-
on of subgrain boundaries is followed by the 
formation and migration of high angle grain 
boundaries. The role of fluid inclusions in the-
se processes has been studied in numerous 
laboratory and field studies and it has been 
shown that not only the composition of fluid 
inclusions may change during recovery or re-
crystallization but also that the recrystallized 
grain size and grain boundary structure may 
be affected by the second phase (e.g., Tullis 
and Yund, 1982; Olgaard and Evans, 1986; 
Brodhag and Herwegh, 2010; Schmatz and 
Urai, 2010). 
Primary fluid inclusion arrays which formed 
during crystal growth from a free solution are 
typically reworked during the first phase of 
recrystallization, so that recrystallized grains 
contain much less fluid inclusions (e.g., Ker-
rich, 1976; Roedder, 1984; Drury and Urai, 
1990; Mullis et al., 1994; Schléder and Urai, 
2007), but to date this process has not been 
studied in detail. 
Additional processes are preferential leakage 
of fluid inclusions after crystal plastic defor-
mation (e.g., Kerrich, 1976; Wilkins and Bar-
kas, 1978; Hollister, 1990; Vityk et al., 2000; 
Tarantola et al., 2010). For example, diffusion 
along dislocations or dislocation networks 
which connect an inclusion to a grain bound-
ary, can lead to preferential leakage of H2O 
from mixed inclusions containing CO2 (Hollis-
ter 1990; Bakker and Jansen, 1992; Hall and 
Sterner, 1993). Kerrich (1976) showed that 
even a small degree of intracrystalline strain 
may cause leakage from inclusions, resulting
in anomalously high homogenization tempera-
tures (Roedder, 1984), however, the movement 
of inclusions being attached to dislocations 
which are moving under stress (e.g., Barnes 
and Mazey, 1963, Roedder; 1971; Wilkins and 
Barkas, 1978) is not well understood. It is also 
known that fluid inclusions move in a tempera-
ture gradient (Anthony and Cline, 1971).
The morphology of grain boundary fluids is 
controlled by the ratio of grain boundary ener-
gy to the solid-fluid interfacial energy, also 
controlling the morphology of fluid inclusions 
along grain boundary triple junctions (Wark 
and Watson, 2004). 
A number of studies describe the grain sca-
le distribution of fluids in interrelation to the 
microstructural evolution using samples bro-
ken along grain boundaries (e.g., Watson and 
Brenan, 1987; Olgaard and FitzGerald, 1993; 
Mancktelow et al., 1998; Mancktelow and Pen-
nacchioni, 2004; Schenk et al., 2005). Manck-
telow and Pennacchioni (2004) have shown 
that in dry quartzite mylonites grain bounda-
ries are smooth and inclusion-free, while wet 
mylonites contain grain boundary fluid inclu-
sion arrays, filled with the metamorphic fluid. 
In these grain boundaries channel structures 
usually are interpreted as dynamic features 
while isolated pores evolve point to more equi-
librated stages (Urai, 1983). However, fluid 
inclusion arrays in grain boundaries can also 
exist in migrating grain boundaries (calcite, 
Schenk et al., 2005).
In the system H2O-CO2, Drury and Urai (1990) 
have proposed that H2O-rich fluids form con-
tinuous fluid films on moving high angle grain 
boundaries, whereas CO2-rich fluids do not, 
based on observations in natural rocks. They 
suggested that a moving grain boundary might 
significantly change the fluid inclusion compo-
sition when CO2 is present in two-phase inclu-
sions, and H2O remains on the boundary. The 
large difference in wetting characteristics of 
CO2 and brines implies that the CO2-rich fluid 
would collect at grain boundaries, and with
3.1 INTRODUCTION
3.1.1 Fluid inclusions in recrystallized quartz
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ongoing grain boundary migration involve drag 
and drop (e.g., Watson and Brenan, 1987; Hol-
lister, 1990; Holness, 1993; Petrishcheva and 
Renner, 2005; Schmatz et al., in review). Rutter 
and Brodie (2004) show that the incorporation 
of water from grain boundaries to the lattice 
during grain growth contributes to weakening.
In addition, hydrocarbons give valuable in-
sights to the recrystallization behavior of mi-
nerals, as the fluid phase may contain highly 
volatile components such as CH4, but also 
immobile components such as solid bitumen 
(Schoenherr et al., 2007) or graphite (Satish-
Kumar, 2005). It is well known that a hydrocar-
bon-bearing second phase affects or inhibits 
quartz cementation, when hydrocarbons accu-
mulate as coatings in pores (e.g., Aase
and Walderhaug, 2005). However, the effect 
of hydrocarbons during grain boundary mig-
ration is not well known and can be complex 
(Krabbendam and Urai, 2003; Schoenherr et 
al., 2010). Hydrocarbon migration is usually 
associated with intergranular pores and mi-
crofractures (Baron et al., 2008). Hydrocar-
bon-bearing fluid inclusions allow the relative 
dating of hydrocarbon migration in relation to 
reservoir diagenesis and tectonic events (Jen-
sensuis and Burruss, 1990; Rantitsch et al., 
1999). Only a few workers discussed the effect 
of mobile grain boundaries on intracrystalline 
leakage, phase separation and chemical reac-
tions which affect maturity diagnostics (e.g., 
Buckley et al., 1998). 
3.1.2 Grain boundary – fluid inclusion interaction in experiment
Experiments on rocks under high pressure 
and temperature allow control of fluid com-
position and fugacity, the measurement of 
stress and strain and subsequent investigati-
on of the microstructure (e.g., Tullis and Yund, 
1982; Spiers et al., 1986; Watanabe and 
Peach, 2002). Analogue experiments using 
transparent, polycrystalline model materials 
(salts or organic rock analogues) deformed 
in transmitted light allow in-situ observation 
of the microstructural evolution and quan-
tification of the kinetics of migrating grain 
boundaries and fluid inclusions. For example, 
the morphology and interconnectivity of fluid 
films under equilibrium and disequilibrium 
conditions shows how equilibrium fluid po-
ckets along grain boundaries and grain triple 
junctions evolve to interconnected fluid films 
under dynamic conditions and vice versa 
(Bauer et al., 2000; Schenk and Urai, 2005; 
Walte et al., 2005).
Experimental models show that leakage and 
redistribution of fluid inclusions by migrating 
grain boundaries is usually accompanied by 
morphology and volume changes of intra- and 
intercrystalline fluid inclusions. During drag 
and drop, fluid inclusions can be observed 
to deform or to neck down (Urai, 1983; Olg-
aard and FitzGerald, 1993; Schmatz and Urai, 
2010) or, with appropriate wetting properties, 
to become fully incorporated into migrating 
grain boundaries (Schenk and Urai, 2005; 
Schmatz et al., in press). Other authors (e.g., 
Brodhag and Herwegh, 2009) have investi-
gated the effects of immobile second phases 
and their interaction with migrating grain 
boundaries, which dramatically affects the 
recrystallized texture.
This paper describes the microstructures for-
med during recrystallization of a quartz vein 
containing numerous primary multiphase flu-
id inclusions. The aim is to better understand 
the interplay of fluid inclusions and migrating 
grain boundaries and the resulting effects on 
grain boundary structure and the recrystal-
lized microstructure.
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The sample (Fig. 3.1) is a naturally deformed 
quartz vein hosted by slate of the Hunsrück 
area, Germany. It is the same sample in which 
Drury and Urai (1990, fig. 7) first described 
the redistribution of fluid inclusions in quartz 
by deformation and recrystallization. Wagner 
and Cook (2000, and authors therein) and 
Wagner et al. (in press) give a detailed over-
view of the Hunsrück regional geology, the for-
mation of the different sets of veins and the 
formation and alteration of fluid inclusions. 
The vein is sub-parallel to bedding and at shal-
low angle to the regional S1 cleavage formed 
during D1-folding (Hoeppner, 1960; Weber, 
1981), and was deformed in the core of a
small D2 fold. A number of splays of the vein 
cut through the S1 cleavage and have chlorite-
quartz fill growing epitaxially on S1 (Fig. 3.1 
inset, Fig. S1). The vein is about 2 mm thick, 
consisting of elongate-blocky (Wagner et al., in 
press), milky quartz grains with abundant fluid 
inclusions and smaller, recrystallized quartz 
grains which contain fewer and different types 
of fluid inclusions (Drury and Urai, 1990). Dru-
ry and Urai (1990) describe the fluid content to 
be markedly fewer within new grains compared 
with primary grains. In this study we carried out 
a much more detailed analysis to test to what 
extent the fluid volume is changed with respect 
to the microstructural processes.
3.3 ANALYTICAL TECHNIQUES
Samples were cut perpendicular to the fold 
axis. Double polished thin sections of 25 and 
40 µm thickness were used to study fluid in-
clusion morphology and the vein microstruc-
ture in transmitted light polarized microscopy. 
In addition, we studied the porosity on po-
lished surfaces of the thin sections, sputter-
coated with carbon, in SEM (secondary elec-
tron mode); post-processed using automated 
image analysis (Image SXM 18.9). The advan-
tage of this procedure is that the sections are 
truly 2D (Underwood, 1970; Desbois et al., 
2008), and further information on fluid in-
clusion type and morphology can be derived 
from the same section by optical microscopy. 
The results were compared to a number of 
ultra-high-precision polished surfaces in BIB 
(Broad Ion Beam)-SEM to quantify the error 
caused by polishing defects (see Appendix 
3.9). 
Parallel reflected light and UV-light microscopy 
were used to identify the carbonic phase using 
a photometer equipped with a pinhole aper-
ture to read a spot with a diameter of 5 μm on 
the sample surface at a wavelength of 546 nm, 
using a 40x/0.85 lens in oil immersion (ne = 
1.518).
We used broken surfaces to study the grain 
boundary morphology (e.g., Mancktelow et 
al., 1998). For this purpose we cut the sample 
in thin slabs, which were broken in two direc-
tions: parallel to the D2-cleavage on the fold 
limb and perpendicular to the D2-cleavage and 
parallel to the D2 fold axis (Fig. 3.1). Most frac-
ture surfaces formed along grain boundaries, 
as demonstrated earlier by e.g., Mancktelow et 
al. (1998). Samples were sputter-coated with 
gold and imaged in SEM-SE mode with accele-
ration voltages of around 15 kV.
3.2 SAMPLE AND GEOLOGICAL SETTING
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Fig. 3 .1. (left page) Micrograph showing folded and partly recrystallized quartz vein from the Hunsrück slate 
(crossed polarized light, section thickness is 25 µm). Number and size of primary grains decreases from 
limb to hinge. The recrystallized grain size is bimodal with the majority of large recrystallized (LR) grains 
in the limb and smaller recrystallized (SR) grains in the hinge. The approximate location of subsequent 
figures/micrographs is indicated. Note that all micrographs were taken from this section or sections 
parallel to this one, i.e., perpendicular to the fold axis. Inset: Lines indicate approximate orientation of 
bedding (S0), D1-cleavage (S1) and D2-cleavage (S2). Hatched boxes indicate location of broken sur-
faces used to study grain boundary morphology (Fig. 3.9).
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3.4 OBSERVATIONS
3.4.1 Microstructure
The gently curved limb of the folded quartz 
vein has two components: large, deformed 
grains and strain-free recryststallized grains, 
in approximately equal proportions. Where 
the degree of recrystallization is low, the old 
grains show the typical elongate-blocky shape 
of vein quartz, typical of the veins in nearly all 
outcrops not deformed by D2 folds. The other 
part of the fold is the approximately 1.5 mm 
thick hinge zone which is almost completely 
recrystallized (Fig. 3.1). 
In the following we will use the term “prima-
ry” (P) for the large, fluid-inclusion-rich, vein-
quartz grains (according to Table 3.1). Within 
the entire vein inclusion-rich primary grains 
as well as recrystallized grains are present, 
which contain less fluid inclusions and tend 
to be larger on the limb of the fold. Prima-
ry grains show evidence for intracrystalline 
strain with undulose extinction and formation 
of subgrains; these tend to have a preferred 
shape orientation at an angle to both S1 and 
S2-cleavage (Figs. 3.2a, S2). Grain boundaries 
between two primary grains are serrated, with 
bulges of a few micrometers in diameter. New 
grains, with a crystallographic orientation re-
lated to the host grain, are frequently located 
in the bulges (Fig. 3.2b; rotated bulges: Stipp 
and Kunze, 2008) and more abundant at triple 
junctions of primary grains. Grain boundaries 
between recrystallized grains are commonly 
gently curved and meet at 120 degrees angle 
in triple junctions (Figs. 3.2c and d, S3). A few, 
large, recrystallized grains growing into prima-
ry grains tend to have lobate boundaries.
The size distribution of the equilibrated re-
crystallized grains is bimodal (Fig. 3.3). In-
clusion-rich recrystallized grains are smaller 
with a mean grain size of µ=113 µm (median 
µ+=103, standard deviation σ=49, number 
n=147). Inclusion-poor grains are larger with 
a mean grain size of µ=259 µm (µ+=225, 
σ=128, n=165). Inclusion-rich, smaller rec-
rystallized grains (SR-grains, Table 3.1) are 
more abundant but occupy about the same
area as inclusion-poor, larger recrystallized 
grains (LR-grains, Table 3.1, see full descripti-
on and discussion of these two kinds of recrys-
tallized grains below).
For clarity, the description of fluid inclusions is 
subdivided into two parts: those within grains 
and those along grain boundaries. We note 
that in this paper we only present results on 
the morphology and distribution of fluid in-
clusions; results on composition and closure 
temperature will be presented in a follow-up 
paper. In this paper we adopt the nomencla-
ture given in Table 3.1.
3.4.2 Fluid inclusions in grains
Numerous types of fluid inclusions were ob-
served, ranging from transparent single-phase 
inclusions to multiphase inclusions containing 
graphite (bitumen reflection > 8 %). The most 
apparent observation is that the primary grains 
contain numerous multiphase inclusions while 
in the recrystallized grains fluid inclusions less 
and mainly non-graphitic single-phase inclusi-
ons are abundant. In the recrystallized grains 
two subtypes can be distinguished optically, 
with one group having less fluid inclusions 
than the other.
3.4.2.1  Fluid inclusions in   
primary grains
The fluid inclusion size and distribution can be 
estimated from the porosity determined from 
SEM-SE images of highly polished thin section 
surfaces (Fig. 3.4, see the Appendix for a short 
discussion). Fluid inclusion size and distributi-
on was measured within 14 rectangular cells of 
120x120 µm taken randomly from 5 different 
primary grains (N.B. 14 cells from 14 SR-grains 
and 14 cells from 7 LR-grains, respectively).
Primary grains have a fluid inclusion content of 
16 (± 2) vol.% of which around 80 % is non-
graphitic (Fig. 3.5). In general we find patchy,
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randomly distributed multiphase fluid inclusi-
ons (liquid, vapor, graphite) with sizes up to 
18 µm (Fig. 3.5b). Only a few single-phase in-
clusions are arranged in arrays associated with 
microcracks. Between the patchy multiphase 
inclusions we commonly find small (<10 µm), 
spherical and homogeneously sized single-
phase inclusions. Almost all primary grains 
show intracrystalline plastic strain (undulose 
extinction, deformation lamellae) and often 
the large, patchy, multiphase fluid inclusions 
occur along subgrain boundaries and on sub-
grain triple junctions (Fig. 3.5c). Single-phase 
inclusions inside subgrains are less frequent-
compared to parts of the grains, which do not 
contain subgrains and have straight extinction. 
Numerous graphite-containing inclusions (Figs. 
3.6 and S4) were identified inside primary grains 
and along some grain boundaries of the equi-
librated recrystallized grains. Graphite is non-
fluorescent but shows high reflectance in white 
light (> 8 %, Koch, 1997). The spatial distribu-
tion of graphite bearing inclusions in subgrain-
free parts of primary grains (Fig. 3.5) is random 
and usually these inclusions are composed of at 
least three phases (liquid, vapor, graphite). 
b
c d
a
350 µm
350 µm
150 µm
100 µm
Fig. 3 .2. Micrographs showing (a) elongated primary grains with undulose extinction and serrated grain 
boundaries, (b) bulging recrystallization and recrystallized grains located at triple junction of primary 
grains, (c) primary grains mantled by SR- and LR-grains, and (d) LR-grain grown into a primary grain by 
grain boundary migration recrystallization. Note that dark-rimmed, spherical inclusions are preparation 
artifacts (crossed polarized light, thin section thickness is 25 µm).
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Table 3.1. Nomenclature
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Fig. 3 .3. Grain size histograms showing bimodal size distribution of recrystallized grains. Inclusion-rich 
recrystallized grains are smaller with a mean grain size of µ=113 µm (median µ+=103, standard 
deviation σ=49, number n=147). Inclusion-poor grains are larger with a mean grain size of µ=259 
µm (µ+=225, σ=128, n=165).
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SR-grains are optically fluid inclusion-rich, and 
have a fluid fraction of 9.5 (± 2) vol.% (Figs. 3.7 
and 3.8). They contain numerous, single pha-
se inclusions, with sizes up to 14 µm. They are 
spherical in shape and are homogeneously
distributed in the grains. LR-grains are opti-
cally fluid-poor grains but contain numerous 
arrays of single-phase inclusions with sizes 
up to 6 µm with a fluid fraction of 5.5 (± 1) 
vol.% (Figs. 3.7 and 3.8).
3.4.2.2 Fluid inclusions in Recrystallized grains
Fig. 3 .4. Micrographs (first column, parallel polarized light, section thickness is 25 µm) and SEM-SE images 
(second and third column) showing porosity on highly polished section surfaces for (a) Primary grains, 
(b) SR-grains, (c) and LR-grains. Image analysis was undertaken on rectangular cells with sizes 40 x 40 
µm and 120 x 120 µm cut from SEM-SE images (see Appendix 3.9 for details).
3.4.2.3 Statistics of fluid inclusions in Primary and Recrystallized grains
All samples have a negative exponential size 
distribution of inclusions with a similar fre-
quency in primary grains (µ = 1.88, µ+ = 1.44 
) and small recrystallized grains (µ = 1.89, µ+ 
=1.31) with pore sizes up to 18 µm in primary 
grains up to 14 µm in SR-grains. LR-grains 
(µ = 1.32, µ+ = 1.02) do not contain pores lar-
ger than 6 µm (Fig. 3.7a).
Homogeneous spatial distribution was tested 
and validated with t-statistics (confidence in-
terval is 95%) on the number (count) of fluid 
inclusions of individual size classes
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(Fig.3.7b) Additionally it was shown that all 
samples have a comparable number of fluid 
inclusions in the size class of 4-5.99 µm. 
To test the similarity of the three grain-types 
the Mann-Withney U-test was performed (e.g., 
Sachs, 2004). For the fluid inclusion size ran-
ge of 1-20 µm (Fig. 3.7) primary grains and SR-
grains have a similar distribution (z = 0.45, 
significance level is 5 %) and also the
distribution of fluid inclusions in SR- and LR-
grains is similar (z = 1.13). Primary grains 
and LR-grains are non-similar (z = 1.66) with 
respect to the fluid inclusion distribution. The 
same test was performed for small size classes 
(0-5.99 µm). All samples within this size ran-
ge were similar to each other (P-grains vs. SR-
grains: z=0.38, P-grains vs. LR-grains: z=1.29, 
and SR-grains vs. LR-grains: z=0.68).
3.4.3  Fluid inclusions in   
grain boundaries
Six different types of grain boundaries were 
observed at contacts of (i) adjacent primary 
grains (P-P), (ii) primary grains with fluid-poor 
LR-grains (P-LR), (iii) primary grains with fluid-
rich SR-grains (P-SR), (iv) adjacent fluid-rich 
SR-grains (SR-SR), (v) adjacent fluid-poor LR-
grains (LR-LR), (vi) fluid-rich SR-grains with 
fluid poor LR-grains (SR-LR) (Figs. 3.8 and 3.9, 
3.1).
Adjacent primary grains in direct contact but 
without rotated bulges (Fig. 3.9a) show a den-
se serration and are relatively fluid inclusion-
poor. Grain boundaries of rotated bulges with 
primary grains are comparable to P-LR bounda-
ries (see below, Fig. 3.9b).
Grain boundaries of primary grains with SR- or 
LR-grains, respectively, do not show major dif-
ferences. In optical micrographs these bound-
aries appear as a clear separation of inclusion-
rich primary grains and recrystallized grains. An 
accumulation of fluids or graphite along grain 
boundaries is not observed. SEM observations 
show serrated boundaries of primary grains 
being in contact with smooth grain boundari-
es of recrystallized grains with local increase 
in grain boundary porosity (Fig. 3.9c). In some 
cases we observe that the aqueous or gase-
ous phase separates from the graphitic phase 
while being in contact with a grain boundary. 
Here two opposing processes can be distin
Fig. 3 .5. Micrographs showing (a) multi-phase inclusions (liquid, vapor, graphite) in undeformed Primary 
grains with interbedded single phase fluid inclusions, (b) a SEM-SE image of a multiphase inclusion 
cross-cut with BIB and (c) multiphase inclusions in subgrains walls of Primary grains (a and c: partly 
polarized light, section thickness is 25 µm).
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Fig. 3 .6. Graphite inclusions and graphitic grain boundary coating in Primary grains (a) and along grain 
boundaries of LR-grains (a-d). (a) and (b) are parallel polarized micrographs from a 40 µm thick section, 
(c) is the same section in UV-light (inset: reflected light) and (d) shows graphite coating (C) on a grain 
boundary in SEM-SE mode.
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Fig. 3 .7. Histograms showing (a) fluid inclusion size frequency as derived from SEM-SE images (µ=mean, 
µ+=median, µ^=modal) with a bin size of 2 µm and (b) the number of fluid inclusions measured in 
rectangular cells of 120 x 120 µm with a bin size of 2 µm. For each grain type (P, SR and LR, Table 3.1) we 
analyzed 14 cells taken randomly from 5-7 grains. T-statistics points to a homogeneous distribution of 
fluid inclusions. The fluid fraction is 16 vol.% in primary grains, 9.5 vol.% in SR-grains and 5.5 vol.% in 
LR-grains. See text for more information.
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guished: (i) the aqueous/gaseous phase is 
incorporated into the grain boundary and 
the graphitic phase is left behind in the bulk 
grain (Fig. 3.10a) and (ii) the graphitic phase 
is incorporated into a grain boundary leaving 
behind the aqueous/gaseous phase as inclu-
sions in the bulk grain (Figs. 3.10b) The pre-
served fluid inclusion morphology suggested 
that a necking process caused separation (Fig. 
3.10 a and b). Well-equilibrated inclusion ar-
rays along grain boundaries show the ability 
to pin grain boundaries (Fig. 3.10c). Carbo-
nic inclusions inside recrystallized grains are 
rare.
Single-phase fluid inclusions along grain 
boundaries of SR-grains show a distinct 
morphology. They have a worm-like morpho-
logy and build a dense network with a ridge-
channel structure. In micrographs the network 
appears to have a high connectivity, which is 
supported by SEM-SE images (Figs. 3.8 and
3.9d). Grain boundaries of adjacent LR-grains 
show only few fluid inclusions, and these are 
well equilibrated. Also, some grain boundari-
es of this type contain graphite (Figs. 3.6 and 
S4). SEM-SE imaging shows that fluid inclusi-
ons along grain boundaries of LR-grains are 
isolated, well-equilibrated arrays of inclusions 
which often adopt a negative crystal shape. 
The inclusions are small (usually < 1 µm). Size 
and distribution may vary from grain boundary 
to grain boundary and also two or more size 
classes may occur on a single grain boundary 
(Fig. 3.9e). The suggestion that depressions in 
the grain boundary surface are opposed by de-
pressions on the other side of the grain bound-
ary (Olgaard and FitzGerald, 1993) is confirmed 
by SEM observation of BIB-polished faces (Fig. 
3.9f). Graphite inclusions at LR-LR boundaries 
are single phase with sizes ranging from 0.3 to 
7.5 µm (Fig. 3.11), usually arranged in arrays. 
In most cases graphitic inclusions are well
LR-LR
SR-SR
SR-LR
LR-P
P-SR
LR-LR
SR-LR
P
P
P
P-P
LR
LR
LR
LR
LR
P 100 µm
Fig. 3 .8. Micrograph showing primary grains (P), SR-grains and LR-grains (crossed polarized light, section 
thickness i s 25 µm). See Table 3.1 for explanation of abbreviations and text for a description of grain 
boundary structures.
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P-P
P-LR
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Fig. 3 .9. SEM-SE images on broken surfaces showing (a) a P-P grain boundary, (b) a P-P grain boundary with 
appending bulges, (c) P-LR grain boundaries, (d) SR-SR grain boundaries, and (e) LR-LR grain boundari-
es. (f) is an SEM-SE image from a BIB-polished surface showing a cross-cut LR-LR grain boundary.
equilibrated to spheres and evenly distributed. 
In the vicinity of primary grains LR-LR bounda-
ries are sometimes coated with a transparent 
brownish film which can also be indentified as 
graphite along broken surfaces in the SEM (Fig. 
3.6d). Small recrystallized grains and large rec-
rystallized grains usually appear in clusters and 
these clusters are often separated by primary 
grains or chlorite bands (Figs. 2 and S2).  
Accordingly SR-LR boundaries are not fre-
quent. SR-LR boundaries are comparable to 
the SR-SR boundary structure with numerous 
single-phase inclusions arranged in a dense 
network.
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a
25 µm
c
40 µm
b
25 µm
Fig. 3 .10. (a) Micrograph showing morphology of 
mixed inclusions being in contact with grain 
boundaries. The aqueous/gaseous phase is 
incorporated along tubes while the graphitic 
phase is left behind in the bulk primary grain. 
(b) Micrograph showing incorporation of the 
carbon-bearing phase into a grain boundary. 
In this process the aqueous/gaseous phase 
separates and is left behind in the bulk grain 
((a) and (b): parallel polarized light, section 
thickness is 40 µm). (c) Micrograph showing 
well-equilibrated carbonic inclusions along 
grain boundaries of adjacent recrystallized 
grains. Highly curved grain boundaries point 
to pinning effects (UV-light).
3.5 DISCUSSION
3.5.1   Fluid inclusions in   
primary grains
The orientation of the vein with respect to the 
bedding and intersection with S1 cleavage sug-
gests that originally the veins were sub-parallel 
to bedding but formed after the formation of S1 
cleavage. The conditions of entrapment of hyd-
rocarbon fluid inclusions cannot fully be recon-
structed for the present sample. Hydrocarbons 
are commonly incorporated in cement during 
diagenesis along intergranular porosity or 
along cracks (e.g., Baron et al., 2008). In these 
quartz veins, we interpret the observations to 
be the result of migration of brines,   and hyd-
rocarbons, which allowed incorporation of the 
mixed fluid into authigenic grains before peak 
temperatures, likely post-D1 in the Hunsrück 
Basin, which was later transformed to graphite 
(Munz et al., 1995; Parnell et al., 1996).
In the primary grains the large, patchy, multi-
phase fluid inclusions are enriched in subgrain 
boundaries and in subgrain triple junctions, 
most likely formed during D2-deformation 
(Fig. 3.5b). Single-phase inclusions inside 
subgrains are less frequent than in parts of 
those grains, which do not contain subgrains 
and have straight extinction. The variable pha-
se ratios in the large fluid inclusions suggest 
post-entrapment modifications by leakage and 
associated transport of the mobile phases, for 
example along mobile dislocations or subgrain 
boundaries. These observations are consis-
tent with the mobility of subgrain boundaries 
during subgrain rotation, causing the carbonic 
inclusions to collect on the subgrain bounda-
ries (Green and Radcliffe, 1975; Wilkins and 
Barkas, 1978; Vityk et al., 2000). Dislocation 
climb allows transport of fluid inclusions into 
subgrain walls accompanied by further leaka-
ge and phase separation by necking proces-
ses. Bulging recrystallization, also related to 
D2, is associated with an elimination of fluid 
inclusions within the nucleus (Kerrich, 1976). 
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3.5.2  Fluid inclusions in   
recrystallized grains
The majority of recrystallized grains are strain-
free and the boundaries between recrystallized 
grains are equilibrated. This can be interpreted 
as a static component of recrystallization, and 
therefore we suggest that these new grains 
were formed after the end of D2 deformation, 
which folded the quartz vein. These D2 folds 
in the Hunsrück formed under greenschist 
metamorphic conditions with peak tempera-
tures being estimated in the range of 350-420 
ºC and pressures of 2-4 kbar (Oncken et al., 
1995; Wagner and Cook, 2000; Wagner et al., 
in press).
Fig.  3.11. Histogram showing graphite inclusion 
size distribution along LR-LR grain boundaries 
as derived from micrographs (e.g., Fig. 3.6).
Measurements of fluid volume fraction in the 
primary and recrystallized grains (SR and LR) 
point to differences between all three and the 
statistics support this significant difference for 
P- and LR-grains and also for LR-and SR-grains. 
The main difference between the primary grains 
and the SR-grains is in the presence of large 
(more than 10 micron) inclusions in the prima-
ry grains, which usually contain graphite and 
fluid. The difference from the LR-grains is that 
fluid Inclusions larger than 6 µm are absent. 
These differences clearly point to a reduction 
of the abundance of water-rich fluids during 
recrystallization. Different rates for SR- and LR-
grains could be explained by (i) LR-grains for-
med from relatively perfect cores by nucleation 
and successive growth (Humphreys, 2004) and 
the fluid-enriched SR-grains result from rotati-
on recrystallization preserving most of the pri-
mary fluid volume or (ii) this difference in grain 
size and fluid inclusion content in the two 
recrystallized grain classes could have been 
caused by different grain boundary migration 
velocities leading to differences in the interac-
tion of moving grain boundaries with fluid in-
clusions (cf. Schmatz and Urai, 2010; Schmatz 
et al., in press).
We observe that primary grains and SR-grains, 
especially in the fold hinge, have a similar dis-
tribution of fluid inclusion sizes inside bulk 
grains with respect to the aqueous/gaseous 
inclusions (large and patchy multiphase
inclusions are not found inside  recrystallized 
grains).
The detailed analysis of individual size clas-
ses in all kinds of grains shows that the recrys-
tallization process has only minimal effect on 
the distribution of fluid inclusions in a class 
ranges 0-5.99 µm (Fig. 3.7c, all samples are 
statistically similar in this size range). From 
experiments and models (e.g., Olgaard and 
Fitzgerald, 1993; Schenk and Urai, 2005; 
Schmatz and Urai, 2010) it is well known 
that drag and drop produces fluid inclusions 
in recrystallized grains but also that grain 
boundaries can pass fluid inclusions without 
interaction, which preserves fluid inclusions 
in grains. The interaction of grain boundari-
es and fluid inclusions, which involves drag 
and drop of fluid inclusions, grain bounda-
ry pinning, but also that fluid inclusions are 
passed by migrating grain boundaries without 
interaction, is governed by the grain boundary 
velocity and the fluid inclusion size, e.g., for 
the same grain boundary velocity a small fluid 
inclusion is dragged for longer distances than 
a large one (Schmatz and Urai, 2010, Schmatz 
et al. in press). The formation of fluid inclusi-
ons in the recrystallized grains can be either 
due to the migrating grain boundary not inter-
acting with a certain class of fluid inclusions 
(defined by size or composition, Schmatz et 
al., in press) but moving others, or that all flu-
id inclusions are moved into a grain boundary 
fluid phase and form new inclusions by drag 
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and drop processes. Our data do not allow 
these two processes to be distinguished.
It is often described that recrystallization 
under lower metamorphic conditions leads 
to clear, inclusion free grains (Wilkins and 
Barkas, 1978; Mullis, 1987; Drury and Urai, 
1990). As we observe abundant fluid inclu-
sions also in recrystallized grains we propo-
se that in this first phase of recrystallization, 
grain boundary migration does not fully eli-
minate fluid inclusions from grains. We see 
leakage and a certain amount of fluid redistri-
bution but approximately 50 % of the primary 
fluid volume is preserved. Additional passes 
by grain boundaries during ongoing dynamic 
recrystallization are needed to fully clear all 
inclusions from the grains.
In contrast to SR-SR boundaries, there is no 
obvious accumulation of aqueous single-
phase inclusions on P-SR or P-LR boundaries 
although their amount reduces from 13 % to 
5.5 % in large LR-grains compared to primary 
grains. This points to lateral fluid movement 
leading to leakage and redistribution of fluids 
along grain boundaries (e.g., Drury and Urai, 
1990; Schléder and Urai, 2007). Schmatz and 
Urai (2010) give experimental evidence for 
leakage of fluid inclusions in contact with mi-
grating grain boundaries. 
Also, graphitic inclusions do not accumula-
te at P-SR or P-LR boundaries. Schoenherr 
et al. (2007) report bituminous fluid inclusi-
ons along grain boundaries and inside rec-
rystallized grains in rock salt. They propose 
that transport of these inclusions by migra-
ting grain boundaries must have been taken 
place before degradation to solid bitumen. 
However, such a model does not apply to 
this quartz sample as recrystallization here 
requires temperatures >350ºC  (e.g, Stipp et 
al., 2002) that would cause the formation of 
graphite, which is unlikely to be transported 
by migrating grain boundaries in the present 
proportions (Figs. 3.6 and 3.10).
Temperatures >350ºC enhance oxidation of gra-
phite to CO and CO2 in the presence of O2, H2O 
and CO2 (e.g., Kreulen et al., 1980; Zheng et al., 
1995). Contacts to grain boundaries bearing 
such fluids would enable graphite transforma-
tion to CO2 which can be transported along the 
grain boundary to form new inclusions.
In LR-LR boundaries, in the vicinity of primary 
grains, we sometimes observe arrays of single-
phase graphitic inclusions and graphitic coa-
tings (Figs. 3.6 and S4). On the other hand, 
graphite is never observed on SR-SR grain 
boundaries (Fig. 3.8). We interpret these ob-
servations to be related to partial oxidation of 
graphite during recrystallization, while part of 
the graphite is redistributed along new grain 
boundaries. Due to their low mobility graphitic 
inclusions are not further dragged or dropped 
(Schmatz et al., in press), but instead tend to 
pin a grain boundary (Fig. 3.10c). 
Also in contrast to SR-SR boundaries, grain 
boundaries of adjacent LR-grains contain few 
fluid inclusions. It has been shown in earlier 
studies (e.g., Drury and Urai, 1990, Schenk 
and Urai, 2005, Schleder et al., 2007) that 
grain boundary migration induces changes 
in fluid distribution and volume in grains. In 
our case, the reason for the difference may be 
due to the velocity of edge-wise propagation 
of grain boundaries, e.g., when two newly for-
med grains are consuming an old grain, their 
boundary is also extended, but more work is 
needed to explain this difference.
Next to abundant fluid inclusions inside SR-
grains we observe a network of numerous 
fluid inclusions and fluid inclusion channels 
along their grain boundaries. The enrichment 
of transparent single-phase grain bounda-
ry fluids in these grains is interpreted being 
related to the oxidation of graphite to CO2. 
Necking down of grain boundary fluid films 
subsequent to grain boundary migration then 
causes further breakup into channel structures 
or isolated inclusions. The high accumulation 
of CO2-inclusions formed in these processes 
could also contribute to pinning effects and 
preserve the small grain size (Drury and Urai, 
1990; Johnson and Hollister, 1995; Brodhag 
and Herwegh, 2009).
3.5.3  Fluid inclusions in   
grain boundaries
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On LR-LR boundaries we observe small (< 3 µm), 
well equilibrated single-phase fluid inclusions 
arranged in arrays. These arrays are interpreted 
to have formed from a semi-continuous fluid 
film present during grain growth which evolved 
into well-equilibrated inclusions after the grain 
boundaries stopped moving (Urai et al., 1986; 
Schenk and Urai, 2005).
3.6 CONCLUSIONS
1. Carbonic inclusions formed from liquid hyd-
rocarbons within the fracture where quartz was 
growing from hydrothermal fluid, most likely 
early, with the fractures oriented sub parallel to 
bedding. Static recrystallization of the folded 
quartz occurred after D2 deformation at 350-
420 ºC. Hydrocarbons were then converted to 
graphite under increased temperatures.
2. Deformation and formation of subgrains in 
primary grains involved interaction of mobile 
subgrain boundaries with the graphitic inclu-
sions during D2 deformation.
3. Water-rich fluid inclusions are significantly 
more abundant in small recrystallized grains 
than in large grains (9.5 versus 5.5 vol. %), 
while primary grains contain approximately 13 
vol.% aqueous/gaseous inclusions. These dif-
ferences point to a reduction of water-rich fluid 
during recrystallization, at different rates for 
small and large new grains.
4. Grain boundaries between small recrys-
tallized grains do not contain graphite, while 
grain boundaries between large recrystallized 
grains can contain graphite in the vicinity of 
primary grains.
5. Fluid inclusions in primary grains were 
not fully removed by a single pass of a grain 
boundary. It is proposed that removal of fluid 
inclusions from grains by grain boundary mig-
ration occurs by several passes of grain bound-
ary, and different phases are removed at diffe-
rent rates.
6. Grain boundaries between primary and re-
crystallized grains do not show enrichment 
of graphite or increasing abundance of fluid 
inclusions, although these are the locations 
of the largest transport of these phases out 
of the primary grains. The migration of grain 
boundaries into deformed primary grains in-
volves movement of graphite into the grain 
boundary associated with oxidation to CO2 
and also transport of part of the water-rich 
phase along the grain boundary. Another part 
is included into the growing grains by drag 
and drop processes.
3.7 ACKNOWLEDGEMENTS
We thank W. Kraus, U. Wollenberg and C.M. 
Diebel for technical assistance. O. Schenk is 
acknowledged for his comments on an earlier 
version of the manuscript. The manuscript was 
significantly improved by thorough reviews 
by N. Mancktelow and A. Schmidt Mumm. T. 
Blenkinsop is acknowledged for his editorial 
help. This research was funded by the German 
Science Foundation (DFG, UR 64/8-1) and 
was part of the European Science Foundation 
(ESF) funded collaborative research Project 
EuroMinSci.
3.8 REFERENCES
Aase, N. E. & Walderhaug, O. 2005. The effect of hyd-
rocarbons on quartz cementation: diagenesis in the 
Upper Jurassic sandstones of the Miller Field, North 
Sea, revisited. Petroleum Geoscience 11, 215-223.
Anthony, T. R. & Cline, H. E. 1971. Thermal Migration of 
Liquid Droplets through Solids. Journal of Applied 
Physics 42, 3380-3388.
Bakker, R. J. 1992. On modifications of fluid inclusions 
in quartz. Re-equillibration experiments and ther-
modynamic calculations on fluids in natural quartz, 
Ph.D. thesis. Rijksuniversiteit Utrecht.
Barnes, R. S. & Mazey, D. J. 1963. The migration and co-
alescence of inert gas bubbles in metals. Proc. Roy. 
Soc. London 275, 47-57.
38
Fluid inclusions in recrystallized quartz
Baron, M., Parnell, J., Mark, D., Carr, A., Przyjalgowski, 
M. & Feely, M. 2008. Evolution of hydrocarbon mi-
gration style in a fractured reservoir deduced from 
fluid inclusion data, Clair Field, west of Shetland, 
UK. Marine and Petroleum Geology 25, 153-172.
Bauer, P., Palm, S. & Handy, M. R. 2000. Strain localiza-
tion and fluid pathways in mylonite: inferences from 
in situ deformation of a water-bearing quartz ana-
logue (norcamphor). Tectonophysics 320, 141-165.
Brodhag, S. H. & Herwegh, M. 2009. The effect of diffe-
rent second-phase particle regimes on grain growth 
in two-phase aggregates: insights from in situ rock 
analogue experiments. Contributions to Mineralogy 
and Petrology 160, 219-238. 
Buckley, J. S., Hirasaki, G. J., Liu, Y., von Drasek, S., Wang, 
J.-X. & Gill, B. S. 1998. Asphaltene precipitation and 
solvent properties of crude oils. Petroleum Science 
and Technology 16, 251-285.
Desbois, G., Urai, J. L., Burkhardt, C., Drury, M. R. & Hay-
les, M. 2008. Cryogenic vitrification and 3D serial 
sectioning using high resolution cryo-FIB SEM tech-
nology for brine-filled grain boundaries in halite: 
first results. Geofluids 8, 60-72.
Drury, M. R. & Urai, J. L. 1990. Deformation-Related Re-
crystallization Processes. Tectonophysics 172, 235-
253.
Green, H. W. & Radcliffe, S. V. 1975. Fracture at inter-
faces. In: Interfaces Conference (edited by Grifkins, 
R. C.). Butterworths 1969, Melbourne: Australian 
Institute of Metals, 223-236.
Hall, D. L. & Sterner, M. S. 1993. Preferential water loss 
from synthetic fluid inclusions. Contributions to Mi-
neralogy and Petrology 114, 489-500.
Hoeppner, R. 1960. Ein Beispiel fur die zeitliche Abfol-
ge tektonischer Bewegungen aus dem Rheinischen 
Schiefergebirge. Geologie en Mijnbouw 39, 181-
188.
Hollister, L. S. 1990. Enrichment of CO2 in fluid inclu-
sions in quartz by removal of H2O during crystal-
plastic deformation. Journal of Structural Geology 
12, 895-901.
Holness, M. B. 1993. Temperature and Pressure-Depen-
dence of Quartz Aqueous Fluid Dihedral Angles - the 
Control of Adsorbed H2o on the Permeability of 
Quartzites. Earth and Planetary Science Letters 117, 
363-377.
Humphreys F.J. 2004. Nucleation in Recrystallization. 
Materials Science Forum Vol. 467-470, 107-116.
Jensensuis, J. & Burruss, R. C. 1990. Hydrocarbon–water 
interactions during brine migration: evidence from 
the composition of hydrocarbon inclusions in calci-
te from the Danish North Sea oil fields. Geochimica 
et Cosmochimica Acta 54, 23-59.
Johnson, E. L. & Hollister, L. S. 1995. Syndeformational 
Fluid Trapping in Quartz - Determining the Pressure-
Temperature Conditions of Deformation from Fluid 
Inclusions and the Formation of Pure CO2 Fluid In-
clusions during Grain-Boundary Migration. Journal 
of Metamorphic Geology 13, 239-249.
Kerrich, R. 1976. Some effects of tectonic recrystallisati-
on on fluid inclusions in vein quartz. Contributions 
to Mineralogy and Petrology 59, 195-202.
Krabbendam, M., Urai, J. L. & van Vliet, L. J. 2003. Grain 
size stabilisation by dispersed graphite in a high-
grade quartz mylonite: an example from Naxos 
(Greece). Journal of Structural Geology 25, 855-
866.
Mancktelow, N. S., Grujic, D. & Johnson, E. L. 1998. 
An SEM study of porosity and grain boundary mi-
crostructure in quartz mylonites, Simplon fault 
zone, Central Alps. Contributions to Mineralogy and 
Petrology 13, 71-85.
Mancktelow, N. S. & Pennacchioni, G. 2004. The influ-
ence of grain boundary fluids on the microstructure 
of quartz-feldspar mylonites. Journal of Structural 
Geology 26, 47-69.
Chapter 3
39
Muchez, P., Slobodnik, M., Viaene, W. A. & Keppens, E. 
1995. Geochemical constraints on the origin and 
migration of palaeofluids at the northern margin of 
the Variscan foreland, southern Belgium. Sedimen-
tary Geology 96, 191-200.
Mullis, J. 1987. Fluid inclusion studies during very low-
grade metamorphism. In: Low Temperature Meta-
morphism (edited by Frey, M.). Blackie, Glasgow, 
162-199.
Mullis, J., Dubessy, J., Poty, B. & O‘Neil, J. 1994. Fluid 
regimes during late stage of a continental collision: 
physical, chemical, and stable isotope measure-
ments of fluid inclusions in fissure quartz from a 
geotraverse through the Central Alps, Switzerland. 
Geochimica et Cosmochimica Acta 58, 2239-2267.
Munz, I. A., Yardley, B. W. D., Banks, D. A. & Wayne, D. 
1995. Deep penetration of sedimentary fluids in 
basement rocks from southern Norway: Evidence 
from hydrocarbon and brine inclusions in quartz 
veins. Geochimica et Cosmochimica Acta 59, 239-
254.
Olgaard, D. L. & Evans, B. 1986. Effect of 2nd-Phase 
Particles on Grain-Growth in Calcite. Journal of the 
American Ceramic Society 69, C272-C277.
Olgaard, D. L. & Fitz Gerald, J. D. 1993. Evolution of pore 
microstructures during healing of grain boundaries 
in synthetic calcite rocks. Contributions to Minera-
logy and Petrology 115, 138-154.
Oncken, O., Massone, H. J. & Schwab, M. 1995. Meta-
morphic evolution of the Rhenohercynian zone. In: 
Pre-Permian geology of central and western Europe 
(edited by Dallmeyer, R. D., Franke, W., and Weber, 
K). Springer, Berlin, Heidelberg, New York, 82-86.
Parnell, J., Carey, P. F. & Monson, B. 1996. Fluid inclusion 
constraints on temperatures of petroleum migration 
from authigenic quartz in bitumen veins. Chemical 
Geology 129, 217-226.
Petrishcheva, E. & Renner, J. 2005. Two-dimensional 
analysis of pore drag and drop. Acta Materialia 53, 
2793-2803.
Rantisch, G., Jochum, J., Sachsenhofer, R. F., Russegger, 
B., Schroll, E. & Horsfield, B. 1999. Hydrocarbon-
bearing fluid inclusions in the Drau Range (Eastern 
Alps, Austria): implications for the genesis of Blei-
berg-type Pb-Zn deposits. Mineralogy and Petrology 
65, 141-159.
Roedder, E. 1971. Fluid-inclusion evidence on the en-
vironment of formation of mineral deposits of the 
southern Appalachian valley. Economic Geology 66, 
777-791.
Roedder, E. 1984. Fluid inclusions. Mineralogical Soci-
ety of America.
Rutter, E. H. & Brodie, K. H. 2004. Experimental intracrys-
talline plastic flow in hot-pressed synthetic quartzi-
te prepared from Brazilian quartz crystals. Journal of 
Structural Geology 26, 259-270.
Sachs, L. 2004. Angewandte Statistik. Springer, Berlin, 
Heidelberg, New York.
Satish-Kumar, M. 2005. Graphite-bearing CO2-fluid in-
clusions in granulites: Insights on graphite precipi-
tation and carbon isotope evolution. Geochimica et 
Cosmochimica Acta 69, 3841-3856.
Schenk, O. & Urai, J. L. 2005. The migration of fluid-filled 
grain boundaries in recrystallizing synthetic bischo-
fite: first results of in-situ high-pressure, high-tem-
perature deformation experiments in transmitted 
light. Journal of Metamorphic Geology 23(8), 695-
709.
Schenk, O., Urai, J. L. & Evans, B. 2005. The effect of wa-
ter on recrystallization behavior and grain bound-
ary morphology in calcite-observations of natural 
marble mylonites. Journal of Structural Geology 27, 
1856-1872.
Schléder, Z. & Urai, J. L. 2007. Deformation and recrys-
tallization mechanisms in mylonitic shear zones 
in naturally deformed extrusive Eocene-Oligocene 
rocksalt from Eyvanekey plateau and Garmsar hills 
(Central Iran). Journal of Structural Geology 29, 241-
255.
40
Fluid inclusions in recrystallized quartz
Schmatz, J., Schenk, O. & Urai, J. L. in press. The effect of 
fluid inclusion-grain boundary interaction on grain 
boundary migration recrystallization - results from 
annealing experiments on different rock analogue-
pore fluid systems. Contributions to Mineralogy and 
Petrology, doi: 10.1007/s00410-010-0590-3. 
Schmatz, J. & Urai, J. L. 2010. The interaction of fluid in-
clusions and migrating grain boundaries in a rock 
analogue: deformation and annealing of polycrys-
talline camphor-ethanol mixtures. Journal of Meta-
morphic Geology 28, 1-18.
Schoenherr, J., Schléder, Z., Urai, J. L., Littke, R. & Kukla, 
P. A. 2010. Deformation mechanisms of deeply bu-
ried and surface-piercing late-Precambrian to early-
Cambrium Ara salt from interior Oman. International 
Journal of Earth Sciences 99, 1007-1025.
Schoenherr, J., Urai, L. L., Kukla, P. A., Littke, R., Schle-
der, Z., Larroque, J. M., Newall, M. J., Al-Abry, N., Al-
Siyabi, H. A. & Rawahi, Z. 2007. Limits to the sealing 
capacity of rock salt: A case study of the infra-Cam-
brian Ara Salt from the South Oman salt basin. Aapg 
Bulletin 91, 1541-1557.
Spiers, C. J., Urai, J., Lister, G. S., Boland, J. N. & Zwart, 
H. J. 1986. The influence of fluid-rock interaction on 
the rheology of salt rock and on ionic transport in 
the salt. University of Utrecht, 132.
Stipp, M. & Kunze, K. 2008. Dynamic recrystallization 
near the brittle-plastic transition in naturally and 
experimentally deformed quartz aggregates. Tecto-
nophysics 448, 77-97.
Stipp, M., Stünitz, H., Heilbronner, R. & Schmid, S. M. 
2002. The eastern Tonale fault zone: a ‘natural labo-
ratory’ for crystal plastic deformation of quartz over 
a temperature range from 250 to 700 °C. Journal of 
Structural Geology 24, 1861-1884.
Tarantola, A., Diamond, L. E. & Stünitz, H. in press. Mo-
dification of fluid inclusions in quartz by deviatoric 
stress I: experimentally induced changes in inclu-
sion shapes and microstructures. Contributions to 
Mineralogy and Petrology, doi: 10.1007/s00410-
010-0509-z.
Tullis, J. & Yund, R. A. 1982. Grain growth kinetics of 
quartz and calcite aggregates. Journal of Geology 
90, 301.
Underwood, E. E. 1970. Quantitative Stereology. Addi-
son-Wesley Publishing Company.
Urai, J. L. 1983. Water assisted dynamic recrystallization 
and weakening in polycrystalline bischofite. Tecto-
nophysics 96, 125-157.
Urai, J. L., Spiers, C. J., Zwart, H. J. & Lister, G. S. 1986. 
Weakening of rock salt by water during long-term 
creep. Nature 324, 554-557.
Vityk, M. O., Bodnar, R. J. & Doukhan, J.-C. 2000. Synthe-
tic fluid inclusions. XV. TEM investigation of plastic 
flow associated with re-equilibration of fluid inclu-
sions in natural quartz. Contributions to Mineralogy 
and Petrology 139, 285-297.
Wagner, T., Boyce, A. J. & Erzinger, J. in press. Fluid-rock 
interaction during formation of metamorphic quartz 
veins: a REE and stable isotope study from the Rhe-
nish Massif, Germany. American Journal of Science, 
310.
Wagner, T. & Cook, N. J. 2000. Late-orogenic alpine-type 
(apatite)-quartz fissure vein mineralization in the 
Rheinisches Schiefergebirge, NW Germany: minera-
logy, formation conditions and lateral-secretionary 
origin. Mineralogical Magazine 64, 539-560.
Chapter 3
41
Walte, N. P., Bons, P. D. & Passchier, C. W. 2005. Defor-
mation of melt-bearing systems - insight from in situ 
grain-scale analogue experiments. Journal of Struc-
tural Geology 27, 1666-1679.
Watanabe, T. & Peach, C. J. 2002. Electrical impedance 
measurement of plastically deforming halite rocks at 
125°C and 50 MPa. Journal of Geophysical Research 
107, ECV 2-1 - 2-12.
Watson, E. B. & Brenan, J. M. 1987. Fluids in the lithos-
phere; 1, Experimentally-determined wetting cha-
racteristics of CO2 -H2O fluids and their implications 
for fluid transport, host-rock physical properties, 
and fluid inclusion formation. Earth and Planetary 
Science Letters 85, 497.
Weber, K. 1960. The structural development of the Rhei-
nische Schiefergebirge. Geologie en Mijnbouw 60, 
149-159.
Wilkins, R. W. T. & Barkas, J. P. 1978. Fluid Inclusions, 
Deformation and Recrystallization in Granite Tecto-
nites. Contributions to Mineralogy and Petrology 65, 
293-299.
Zheng, Z., Zhang, J. & Huang, J. Y. 1996. Observations of 
microstructure and reflectivity of coal graphites for 
two locations in China. International Journal of Coal 
Geology 30, 277-284.
40a
d
c
b
uid inclusion  size [µm]
fr
eq
ue
nc
y 
[%
]
0 1 2 3 4 5 6
0
20
40
60
80
BIB-polished, n=128, µ=0.99, µ+=0.86, µ^=0-1
hand-polished, n=154, µ=0.88, µ+=0.65, µ^=0-1
Standard error
Fluid inclusions in:
(e)
40 x 40 µm
3.9 APPENDIX
3.9.1 Measurements on pore size
Fluid fraction and spatial distribution of flu-
id inclusions was measured on manually 
polished thin section surfaces. BIB (Broad 
Ion Beam)-polished surfaces (Desbois et al., 
2008) give the true 2D-porosity of an infinite 
small section, which also represents the 3D 
pore volume (Underwood, 1970). In order to 
validate our measurements on the manually 
polished surfaces we compare results with 
measurements on a BIB-polished surface, 
both on a LR-grain (Fig. 3.12). SEM-SE images 
of grains were subdivided into 10 rectangular 
cells of 40x40 µm. We compare the frequen-
cy of fluid inclusion size classes and results 
show that the deviation is within the standard 
error (Fig. 3.12e). The high number of inclusi-
ons in the size class 0-1 µm for manually po-
lished samples points to polishing defects
Fig. 3 .12. Figure showing (a) rectangular cell taken from SEM-SE image of an BIB-polished surface of a LR-
grain and (b) the same image in binary mode used for image analysis. (c) is a cell taken from SEM-SE 
image of an manually-polished surface of a LR-grain and (d) the same image in binary mode used for 
image analysis. The histogram in (e) shows the frequency of fluid inclusion sizes for BIB- and manually 
polished surfaces for 10 samples each.
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200 µm
200 µm
Fig. S 1. Micrograph showing part of the limb of the folded, partly recrystallized quartz vein. See also Fig. 3.1. 
(Parallel polarized light, thin section thickness is 25 µm).
Fig. S 2. Micrograph showing primary grains with undulose extinction and recrystallized grains located at trip-
le junction of primary grains. See also Fig. 3.2a and b. (Crossed polarized light, thin section thickness 
is 25 µm).
3.9.1 Supplementary figures
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100 µm
Fig. S 3. Micrograph showing primary grains, fluid-rich SR-grains and fluid-poor LR-grains. See also Fig. 3.8. 
(Crossed polarized light, thin section thickness is 25 µm).
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Fig. S 4. Micrograph showing fluid-poor LR-grains with arrays of graphitic inclusions along grain boundaries. 
See also Fig. 3.6. ((a) Parallel polarized light, thin section thickness is 40 µm, and (b) Crossed polarized 
light, thin section thickness is 40 µm).
50 µm
50 µm
b
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The interaction of fluid inclusions and migrating 
grain boundaries in a rock analogue:  
deformation and annealing of polycrystalline 
camphor–ethanol mixtures
Schmatz, J. and Urai, J.L. 2010. The interaction of fluid inclusions and migrating grain 
boundaries in a rock analogue: deformation and annealing of polycrystalline camphor–
ethanol mixtures. Journal of Metamorphic Geology 28(1), 1-18.
 
ABSTRACT
We present results of deformation and annealing experiments using a rock analogue con-
taining a liquid phase as observed in transmitted light microscopy. Samples were made of 
camphor–ethanol mixtures, with the polycrystalline solid being a rhombohedral phase and 
the liquid a saturated solution of camphor in ethanol.  Results show the in-situ pore fluid mor-
phology during grain boundary migration recrystallization. Samples were deformed at high 
homologous temperatures (Th ~ 0.7) and strain rates of 1×10-6 to 9×10-4 s-1. For grain boundary 
migration rates ranging from 10-10 to 10-6 ms-1 we observed Zener pinning, the drag and drop of 
fluid inclusions by migrating grain boundaries but also the passage of grain boundaries over 
fluid inclusions without noticeable interaction. 
The drag limiting migration rate is three times lower for post-kinematic annealing than for 
dynamic recrystallization and shows a weak dependence on fluid inclusion size. We present 
a detailed description of fluid inclusion–grain boundary interaction with respect to fluid in-
clusion sizes and grain boundary migration rates. Fluid inclusions show up to 39% reduction 
in diameter after passage of a grain boundary, indicating fluid flow along the mobile grain 
boundary.
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4.1 INTRODUCTION
In Earth Sciences fluid inclusions are studied 
to reconstruct temperature and pressure con-
ditions during metamorphism or basin forma-
tion (Boullier, 1999). Composition and density 
of the fluid are used to understand the circu-
lation of fluid in the Earth’s crust. Detailed 
understanding of the processes of formation 
and alteration of fluid inclusions or melt po-
ckets can be valuable in applied studies of ore 
deposition (Roedder, 1984; Kolb et al., 2000; 
Kolb and Meyer, 2002) or diagenesis of sedi-
mentary basins (McLimans, 1987; Schoenherr 
et al., 2009). Grain boundary–fluid interaction 
can have a significant effect on the evolution 
of texture and mechanical properties (Evans 
et al., 2001; Renner et al., 2002; Herwegh and 
Berger, 2004; Mancktelow and Pennacchioni, 
2004; Jing et al., 2005). The microstructural 
evolution of polycrystalline rock aggregates 
during metamorphism is highly dependent 
on pressure, temperature, composition, and 
morphology of the pore fluid. These parame-
ters affect grain boundary structure during 
recrystallization (Renner et al., 2002) but a 
migrating grain boundary can in turn affect 
the volume and distribution of fluid inclusions 
(Olgaard and FitzGerald, 1993).
There are four main classes of fluid inclusions, 
formed by different processes and producing
distinct microstructures (Roedder, 1984) (Fig. 
4.1). Primary inclusions (i) form in growth 
bands during growth of crystals in a free flu-
id (Hilgers and Urai, 2002; Schleder and Urai, 
2005; Passchier and Trouw, 2005; Warren, 
2006; Schoenherr et al., 2007) (Fig. 4.1a). Se-
condary fluid inclusions can be (ii) healed mi-
crocracks (Renard et al., 2002; Schoenherr et 
al., 2007) (Fig. 4.1b), or (iii) inclusions dropped 
from a fluid-filled, moving grain boundary (Urai, 
1983; Olgaard and FitzGerald, 1993; Schenk 
and Urai, 2005) which may migrate over fluid 
inclusion arrays in ghost grain boundaries, or 
(iv) be remnants of a grain boundary which 
contained a fluid film (Urai et al., 1986) (Fig. 
4.1c). Healed microcracks are preserved under 
low temperature (Passchier and Trouw, 2005) 
whereas the other mechanisms in the formati-
on of secondary fluid inclusions require mobile 
grain boundaries (Urai et al., 1986; Hirth and 
Tullis, 1992). Interpretation of these fluid in-
clusions is often problematic (Drury and Urai, 
1990). A small amount of fluid can increase 
the mobility of grain boundaries (Urai, 1985; 
Spiers et al., 1986; Urai et al., 1986; Schenk 
and Urai, 2004), because the diffusivity in a 
fluid phase is dramatically higher than in a dry 
grain boundary (Peach et al., 2001).
a b c
i)
ii)
Fig. 4 .1. Sketch showing types of fluid inclusion arrays: a) fluid inclusions formed during crystal growth from 
a supersaturated solution, b) plane with fluid inclusions in a healed microcrack, c) (i) fluid inclusions 
dropped from a migrating grain boundary, (ii) fluid inclusion array in a equilibrated ghost grain bound-
ary. Arrow indicates migration direction of the grain boundary.
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In the absence of deformation, grain scale flu-
id flow is dependent on the geometry and con-
nectivity of pores. This in turn is controlled by 
the wetting angle (e.g., Smith, 1964; Holness 
and Lewis, 1997; Holness and Siklos, 2000; 
Walte et al., 2003). In theory, under equilib-
rium conditions a wetting angle greater than 
60° leads to isolated fluid inclusions on grain 
boundaries and in triple junctions while a wet-
ting angle smaller than 60° forms interconnec-
ted fluid channels along triple junctions. Walte 
(2005) showed that surface energy driven grain 
boundary migration recrystallization leads to 
a dynamic wetting angle which is up to 10% 
smaller than the equilibrium one. 
Urai et al. (1986) proposed that the rate of 
grain boundary migration is dependent on 
the thickness of the fluid film and that the 
incorporation of fluid inclusions may lead to 
a local thickening of the grain boundary. This 
process may induce Zener drag, which reduces 
the grain boundary mobility (Humphreys and 
Hatherly, 1996; Renner et al., 2002). Schenk 
and Urai (2005) observed that for different mi-
gration rates fluid inclusions can be i) swept 
without incorporation, ii) incorporated and 
distributed along the migrating boundary, iii) 
dragged through the material by the migrating 
boundary and iv) dropped or left behind by a 
migrating grain boundary. A similar situation 
is present in many ceramics where during sin-
tering fluid inclusions or pores are dragged by 
migrating boundaries, or the boundaries may 
be separated from the inclusions dependent 
on grain boundary velocity and fluid inclusi-
on mobility (Hsueh et al., 1982; Svoboda and 
Riedel, 1992). For surface energy driven grain 
boundary migration recrystallization the velo-
city of a grain boundary (
	  
νGB ) is proportional 
to its curvature whereas the maximum fluid in-
clusion velocity (
	  
νFI ) is, to a first approximati-
on, inversely proportional to size (Olgaard and 
FitzGerald, 1993). For 
	  
νGB = νFI = 0  the grain 
boundary is said to be pinned, for 
	  
νGB ≥ νFI > 0  
the fluid inclusion is said to be dragged, and 
for 
	  
 νGB >> ν FI  the fluid inclusion is said to 
be dropped (we will use these definitions 
throughout this paper). Many studies assume 
surface diffusion to be rate controlling du-
ring drag (e.g., Hsueh et al., 1982; Svoboda 
and Riedel, 1992; Petrishcheva and Renner, 
2005), especially at high homologous tempe-
ratures (Chuang et al., 1979).
As the in-situ deformation of wet rocks at the 
grain boundary scale cannot easily be studied 
under laboratory conditions it is useful to stu-
dy model materials using transmitted light de-
formation (e.g., Urai and Humphreys, 1981; 
Means, 1983; Urai, 1983; Schutjens, 1991; 
Bons, 1993; Streit and Cox, 2000; Walte et al., 
2003; Schenk and Urai, 2005). In these mo-
dels the liquid phase is made up of saturated 
solutions which can be inorganic (e.g., Schenk 
and Urai, 2005), of organic solvents (e.g. Wal-
te et al., 2003; Walte, 2005), or non-solvents 
(e.g. Bauer et al., 2000; Walte et al., 2007). 
Quantitative scaling of the results of such ex-
periments to natural prototypes is possible for 
the case of isomechanical groups (sodium ni-
trate – calcite: Tungatt and Humphreys, 1981; 
Urai and Jessell, 2001), for other materials 
the comparison is less direct and mainly fo-
cussed on qualitative study of the evolution 
of microstructural processes. In this study 
we use an analogue model to characterise 
the interaction of migrating grain boundaries 
with fluid inclusions of a saturated solution of 
camphor in ethanol, focusing on the detailed 
observation of fluid inclusions’ morphology 
and grain boundary migration rates. 
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4.2 METHODS
4.2.1  Materials and sample 
preparation
The model materials used were polycrystalline 
camphor (C10H16O) and ethanol (C2H5OH). We 
used a commercially available camphor (Roth 
6155.1) with a purity of > 97% and Tm = 177-
179 °C. Camphor is rhombohedral at room 
temperature with a transition to a cubic phase 
at 92 (± 7) °C (Urai and Humphreys, 1981). It 
was mixed with ethanol (Roth PO 76.2, purity: 
99.5%). To prepare our sample material we 
heated a mixture of 5 ml ethanol and a few mg 
of SiC (grain size = 13 µm) to 80 °C in a closed, 
stirred glass phial, added about 0.2 mol cam-
phor, stirred for 30 minutes and cooled it to 
room temperature. This produced a cam-
phor mush in saturated solution. Solubility 
was measured to be 0.8 mol camphor/100g 
ethanol at 24 °C with a linear increase to 1.6 
mol/100g ethanol at 60 °C.
4.2.2 Experiment setup
The see-through deformation apparatus 
follows the design of Urai et al. (1987) and 
Schenk and Urai (2005) (Fig. 4.2). It consists 
of a stainless steel vessel equipped with high-
strength see-through windows. The first step 
in setting up an experiment was to assemble 
the lower spacer, the σ1–piston, the piston 
guide and the lower glass plate in the defor-
mation rig. All grooves at metal-glass contacts 
were carefully sealed with silicone paste (Bay-
er-Silicone, Baysilone-paste). The next step 
was to place the moving σ1–piston and the 
sample holder (100 µm thick steel) into the 
cell. A one-millimetre wide silicone viscous 
jacket was formed with a rectangular central 
space, and this was filled with the camphor-
ethanol mixture (~ 200 µm thick) (Fig. 4.3). 
The assembly was closed with the upper glass 
plate and the upper piston guide before in-
serting the upper distance piece and the high 
precision ball bearing. The precision nut was 
tightened to compress the sample into a wa- 
fer of approximately 0.1×24×24 mm. The as-
sembly was heated with coils outside of the 
pressure vessel inside a chamber of insulation 
material. Temperature was controlled by a ther-
mocouple and a PID controller. The temperature 
range was between 25-200°C. The piston was 
connected to a constant speed step motor and 
thus served as a σ1–piston (compare to Schenk 
and Urai, 2005). An optical invertoscope with 
long distance objectives was used to allow 
in-situ observations of the experiment. The in-
vertoscope is equipped with a high-resolution 
digital camera that records 2048×1536 px ima-
ges at specific time intervals (15 to 900 sec.) 
with a pixel size of 1 px = 0.9 µm. The images 
were converted to movies.
4.2.3 Measurements
Strain measurements were done using marker 
particles which do not affect the grain bound-
aries (Means et al., 1980; Jessell, 1986; Bons 
et al., 1993). If the positions of three marker 
particles are known before and after deforma-
tion, the position gradient tensor can be cal-
culated assuming that the deformation was 
homogeneous in the triangle (Jessell, 1986; 
Bons et al., 1993). The method has been used 
to determine the approximate bulk strain and 
strain rate.
The sample thickness of 100 µm was chosen to 
allow observation of large grain boundary are-
as with fluid inclusions up to 30 µm in radius 
inside the sample. All measurements on grain 
boundary velocities were done along orthogo-
nal trajectories in the plane of the cover glass 
(see also Urai, 1983; Schenk and Urai, 2005). 
The size of the fluid inclusions was measured 
in plane of focus, focusing approximately at 
the centre of the inclusion. We measured only 
in grain boundaries inclined more than 80° to 
the plane of section (see Appendix 4.8.1 for 
more details on measurements).
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4.2.4 Experiment protocol
10 mm
σ1-piston precision nut
high precision ball bearing
notched 
glass plates
heating block
piston guide
moving σ1-piston
distance piece
"sandwiched"
sample
distance piece
silicone jacket
strain ring
precision nut
moving σ1-piston
σ1-piston
10 mm
Fig. 4 .2. Construction drawing and photographs of the deformation apparatus. Upper part−top view, 
lower part−side view. See text for setup details.
1
2
3
4
5
7
8
σ 1
6
Fig. 4 .3. Sketch showing setup of deformation cell 
interior, with 1) lower piston guide, 2) lower 
glass plate, 3) sample holder, 4) moving σ1-
piston, 5) silicone jacket, 6) sample, 7) upper 
glass plate, and 8) upper piston guide. Note 
that a distance piece of the same thickness can 
be placed opposite to the moving σ1-piston to 
increase finite strain. See text for details. 
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In each experiment setup the sample was 
first heated to 105 °C for 60 min, and it was 
verified that the material was of cubic crystal-
lography. In this sintering period, grains grew 
from 100 to 300 µm, and part of the ethanol 
was removed from the sample (presumably 
by diffusion through the silicone). In addition, 
the process of grain growth moved part of the 
liquid to the samples’ edge. At the end of this 
stage the liquid fraction was predominantly 
distributed on grain boundaries. Then the 
temperature was reduced slowly (~ 0.5 °C/
min.) to the desi-red temperature of 50 °C. The 
phase transition to rhombohedral crystals
produced elongated, up to 3000 µm size grains 
(compare to Urai and Humphreys, 1981) and 
fluid inclusions were incorporated into the 
rhombohedral grains. After 120 more minutes 
of annealing a grain size of 700-1000 µm was 
reached and fluid inclusions were located on 
the grain boundaries and inside the grains. 
The radius of the fluid inclusions varied from 
0.5-30 µm. The end of this stage was the start 
of annealing or deformation experiments. The 
liquid fraction was about 10%, it was reduced 
progressively to about 2% at the end of the 
experiment (see Appendix 4.8.2 for analysis 
of this process). 
ψ
200 μm
2ψ
100 μm
2ψ
2ψ
2ψ2ψ
ψ
leading surface
trailing surface
equilibrium dynamic
a
b
c
Fig. 4 .4. Photographs showing wetting angles ob-
served in the experiments with a) equilibrium 
wetting angle and (b) dynamic wetting angle 
in the camphor ethanol system. In (b) the di-
rection of the migrating grain boundary is in-
dicated with a double-arrow (movie S1, expe-
riment ce01 08, Table 4.1). c) Sketch showing 
measuring method for equilibrium and dyna-
mic wetting angles. Note a low wetting angle at 
the leading surface of the fluid inclusion and a 
high wetting angle at the trailing surface.
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4.2.5  Wetting angle   
measurement
Fluid inclusions inside grains were approxi-
mately spherical and without facets under 
equilibrium conditions, while they adopted an 
elliptical shape during deformation. The shape 
of fluid inclusions that were attached to grain 
boundaries was controlled by the wetting ang-
le. It is a common technique to measure the 
equilibrium wetting angle ψ of a solid-liquid 
interface in triple junctions (Figs. 4.4a and c) 
(e.g., Walte et al., 2003; Wark et al., 2003). 
Neglecting surface energy anisotropy the wet-
ting angle can be described by the relation 
	  
ψ = 2arccos γ ss2γ sl
⎛
⎝⎜
⎞
⎠⎟
(with 
	  
γ ss  - solid-solid, and 
	  
γ sl  - solid-liquid 
being the interfacial energies). We measured 
the equilibrium wetting angle of 24 ± 10° (n = 
22) for the camphor-ethanol system at a homo-
logous temperature Th = T/Tm of 0.72. For fluid 
inclusions being dragged by a grain boundary, 
wetting angles were measured as shown in 
Figs. 4.4b and c. The wetting angle at the lea-
ding surface is usually smaller than the wetting 
angle at the trailing surface (Figs. 4.4b and c, 
movie S1). The dynamic wetting angle that was 
determined in the camphor-ethanol system 
was 27 ± 9° (n = 163) at Th of 0.72 and 0.76. 
As expected for this wetting angle the pore flu-
id appeared as isolated inclusions at the grain 
boundaries.
4.2.6 Rates and temperatures
Ideally the development of grain boundary 
structures is studied in a coarse-grained, poly 
crystalline material as it provides long, slightly 
curved grain boundaries. Consequently rela-
tively high temperatures (Th = 0.72 and 0.76) 
were chosen to generate such a texture. After 
sintering and cooling the samples were first 
annealed at 50 °C (stage 1, Table 4.1) or 70 °C 
(stage 2, Table 4.1), respectively, and then de-
formed at a constant temperature (50 or 70 °C) 
with strain rates between 1×10-6 (low)–9×10-4 
s-1 (high) (stage 3, Table 4.1) and then post-
kinematically annealed at 50 or 70°C, respec-
tively (stage 4, Table 4.1). All stages were do-
cumented and analyzed with respect to grain 
size, grain boundary structure, grain boundary 
migration rates, fluid inclusion size, distribu-
tion, and behaviour; and with respect to mi-
crostructural processes.
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Experiment	   	  	   Image	  
sequence	  
T	  [°C]	   Piston	  velocity	  
[m/s]	  
Strain	  rate	  
[s-­‐1]	  
Duration	  
[min]	  
Strain	  
[%]	  
Finite	  
Strain	  [%]	  
Modus	   Process	   Figure	  /	  
movie	  
Stage	  2	   01	   50-­‐70	   0	   0	   120	   0	   0	   annealing	   annealing	   	  	  
02	   1.4×10-­‐06	   8.7×10-­‐04	   40	   15	   15	   GBM	  Rx	   	  	  
03	   1.4×10-­‐06	   4.6×10-­‐04	   27	   5	   20	   GBM	  Rx	   	  	  
04	   1.4×10-­‐06	   6.8×10-­‐04	   36	   11	   31	   GBM	  Rx	   	  	  
05	   1.4×10-­‐06	   1.6×10-­‐04	   17	   1	   32	   GBM	  Rx	   	  	  
06	   2.7×10-­‐07	   6.4×10-­‐05	   58	   2	   34	   GBM	  Rx	   	  	  
07	   2.7×10-­‐07	   4.5×10-­‐04	   68	   13	   47	   GBM	  Rx	   	  	  
08	   2.7×10-­‐07	   4.3×10-­‐06	   68	   0	   47	   GBM	  
Rx/dyn	  
GG	  
4.4b/S1	  
09	   2.7×10-­‐07	   2.9×10-­‐04	   92	   11	   58	   GBM	  
Rx/dyn	  
GG	  
	  	  
10	   2.7×10-­‐07	   3.2×10-­‐06	   144	   0	   58	  
dynamic	  
GBM	  
Rx/dyn	  
GG	  
	  	  
11	   0	   0	   90	   0	   58	   post-­‐kin.	  
annealing	  
GG	   	  	  
12	   1.4×10-­‐06	   1.6×10-­‐05	   328	   2	   60	   GBM	  RX	   4.5a/S2	  
Stage	  3	  
13	  
70	  
4.0×10-­‐02	   2.3×10-­‐04	   4	   0	   61	  
dynamic	  
bulging	  Rx	   	  	  
14	   1	   Recovery	   	  	  
15	   4	   Recovery	   4.5c/S4	  
16	   50	   GG	   4.5d/S5	  
17	   47	   GG	   	  	  
18	   116	   GG	   	  	  
19	   802	   GG	   	  	  
ce01	  
Stage	  4	  
20	  
70	   0	   0	  
1318	  
0	   61	   post-­‐kin.	  
annealing	  
GG	   	  	  
01	   50-­‐70	   66	   GG	   4.6a,	  4.6b,	  
4.10a/	  
S6,	  S7,	  S9	  
Stage	  2	  
02	   70	  
0	   0	  
67	  
0	   0	   annealing	  
GG	   	  	  
03	   2.7×10-­‐07	   4.4×10-­‐06	   2354	   4	   4	   GBM	  Rx	   	  	  
04	   2.7×10-­‐07	   4.1×10-­‐04	   70	   12	   12	   GBM	  Rx	   	  	  
ce02	  
Stage	  3	  
05	  
70	  
2.7×10-­‐07	   3.8×10-­‐06	   504	   1	   5	  
dynamic	  
GBM	  Rx	   	  	  
01	   50	   2.7×10-­‐07	   5.0×10-­‐05	   1700	   36	   36	   GBM	  Rx	   4.5b/S3	  Stage	  3	  
02	   50	   2.7×10-­‐07	   1.6×10-­‐06	   1082	   1	   37	  
dynamic	  
GBM	  Rx	   	  	  
03	   46	   GG	   	  	  
04	  
50	  
150	   GG	   	  	  
05	   57	   GG	   	  	  
06	   86	   GG	   	  	  
07	   100	   GG	   	  	  
Stage	  4	  
08	  
70	  
0	   0	  
86	  
0	   37	   post-­‐kin.	  
annealing	  
GG	   	  	  
09	   1.4×10-­‐07	   2.6×10-­‐06	   33	   0	   37	   GBM	  Rx	   	  	  
ce03	  
Stage	  3	  
(continu
ed)	  
10	  
70	  
1.4×10-­‐07	   2.6×10-­‐06	   883	   1	   38	  
dynamic	  
GBM	  
Rx/dyn	  
GG	  
4.14/S10	  
01	   5480	   Recovery/
GG	  
	  	  
02	   110	   GG	   	  	  
Stage	  1	  
03	  
50	   0	   0	  
1320	  
0	   38	   annealing	  
GG	   	  	  
04	   2.7×10-­‐07	   2.1×10-­‐06	   55	   0	   38	   GBM	  Rx	   	  	  
05	   2.7×10-­‐07	   1.0×10-­‐05	   157	   1	   1	   GBM	  Rx	   	  	  
06	   2.7×10-­‐07	   1.2×10-­‐06	   193	   0	   0	   GBM	  Rx	   	  	  
Stage	  3	  
07	  
50	  
2.7×10-­‐07	   3.9×10-­‐05	   999	   17	   55	  
dynamic	  
GBM	  Rx	   	  	  
08	   51	   Recovery/
GG	  
	  	  
09	   42	   GG	   	  	  
ce05	  
Stage	  4	  
10	  
70	   0	   0	  
126	  
0	   55	   post-­‐kin.	  
annealing	  
GG	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4.3 RESULTS
4.3.1 Microstructural processes
During sintering and annealing (stages 1 and 
2) the dominant microstructural process was 
grain growth. Large grains grew at the expense 
of smaller grains while reducing grain boundary 
curvature. At both temperatures, deformation 
(stage 3) led to dynamic grain boundary migra-
tion recrystallization accompanied by dynamic 
grain growth for low strain rates and grain size 
reduction for high strain rates. During dynamic 
recrystallization the grain boundaries were lo-
bate and the grain size was highly variable. The 
dominant microstructural process during post-
kinematic annealing (stage 4) was recovery 
(we observed mobile subgrain boundaries) 
accompanied by grain growth. Note that these 
experiments were done at much lower strain 
rates than those by Urai et al. (1980) and 
Urai and Humphreys (1981), and grains grew 
instead of size reduction during dynamic rec-
rystallization.
Table 4.1. Experimental conditions.
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4.3.2  Fluid inclusion – grain  
boundary interaction
4.3.2.1 Evolution of morphology
In all experiments, fluid inclusions were obser-
ved to be passed by grain boundaries without 
any noticeable interaction. This tended to be 
the case for high-velocity grain boundaries; a 
quantitative analysis will be presented in the 
Discussion. However, in all experiments grain 
boundaries (especially slower-moving ones) 
were observed to interact with fluid inclusi-
ons. In what follows, we describe a number of 
examples of this interaction. Fluid inclusions 
were left behind by grain boundaries in all 
ex-periments, in some cases from parts of a 
grain boundary which contained a visible fluid 
inclusion, but in other cases the source of the 
fluid was not readily visible. The process was 
very similar during annealing, dynamic recrys-
tallization and post-kinematic annealing, so 
that the descriptions below are quite general.
Mobile, fluid-filled triple junctions could drop 
large, flat fluid inclusions which later necked 
down to isolated, spherical inclusions (Fig.
4.5a; experiment ce01 12, Table 4.1, movie 
S2). In short grain boundary segments bet-
ween triple junctions, fluid inclusions were 
left behind by the boundaries of a shrinking 
grain. In these cases, all boundaries of the 
shrinking grain contained fluids but only the 
fastest boundary dropped the fluid inclusions 
(Fig. 4.5b; experiment ce01 16, Table 4.1, mo-
vie S3). When a grain boundary containing an 
array of elongated fluid inclusions moved away 
from these inclusions, these formed a ghost 
grain boundary which then broke up into an 
array of spherical fluid inclusions (Fig. 4.5c; 
experiment ce01 15, Table 4.1, movie S4). How-
ever, grain boundaries far from trip-le junctions 
were also frequently observed to leave behind 
arrays of elongated fluid inclusions, even when 
no apparent source of the fluid was visible in the 
grain boundary (although the concave shape of 
the grain boundary suggests pinning). These 
fluid inclusions then contracted into spherical 
t� t�
t�
t�
100 μmt�
dynamic
recrystallisation
Δ t = 180 sec.
a
See next page for caption.
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t� t�
t�
t�
125 μmt�
post-kinematic
annealing
Δ t = 10 min.
b
t� t�
t�
t�
100 µmt�
post-kinematic
annealing
Δ t = 80 sec.
c
Fig. 4 .5. The formation of isolated fluid inclusions in the bulk crystal. a) Behind a fast migrating triple junction 
a large, flat fluid inclusion is left behind and shrinks to isolated bubbles, Δt = 180 sec. (movie S2, ex-
periment ce01 12, Table 4.1), b) behind a slow migrating triple junction isolated fluid inclusions are left 
behind, Δt = 10 min. (movie S3, experiment ce01 16, Table 4.1), c) from a ghost grain boundary, elonga-
ted fluid inclusions are left behind and shrink into isolated bubbles, Δt = 80 sec. (movie S4, experiment 
ce01 15, Table 4.1), and d) behind a migrating fluid-filled grain boundary, isolated fluid inclusions are 
left behind, Δt = 20 min. (movie S5, experiment ce03 01, Table 4.1).
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t� t�
t�
t�
100 µm
t�
dynamic
recrystallisation
Δ t = 20 min.
d
See previous page for caption.
100 µm
100 µm
100 µm
t1 t2
t1 t2
t1 t2
a
b
c
Fig. 4 .6. Photographs showing examples for interac-
tions of fluid inclusions with migrating grain 
boundaries. a) A Fluid inclusion is passed by 
a migrating grain boundary without being af-
fected (movie S6, experiment ce02 01, Table 
4.1), b) a fluid inclusion gets elongated while 
being passed by a migrating grain boundary 
and equilibrates in a later time step (movie S7, 
experiment ce02 01, Table 4.1), and c) drag and 
drop, the fluid inclusion shape is affected, flu-
id inclusion necks down while being attached 
to grain boundary, fluid reservoir remains on 
migrating grain boundary, equilibration of left 
behind fluid inclusion (movie S8, experiment 
ce08 04-07, Table 4.1). The area reduction for 
the isolated inclusion was 28% in this case. 
See text for details.
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shape (Fig. 4.5d; experiment ce03 01, Table 4.1, 
movie S5; cf. Schenk and Urai, 2005).
The evolution of fluid inclusion morphology 
during interaction with a grain boundary was 
also dependent on boundary velocity. An
 example is given in Fig. 4.6 for three different 
fluid inclusions with the same radius (appro-
ximately 25 µm), interacting with a migrating 
grain boundary which had a velocity that varies 
over three orders of magnitude (a: 5×10-7, b: 
9×10-8, and c: 2×10-10 ms-1). The fluid inclusi-
on was not affected by the fast migrating grain 
boundary (Fig. 4.6a, movie S6); it was elonga-
ted by the slower boundary, re-equilibrating 
after interaction (Fig. 4.6b, movie S7); and it 
necked down durin g interaction with the slow-
ly migrating grain boundary (Fig. 4.6c, movie 
S8). 
4.3.2.2  Overview of grain boundary– 
fluid inclusion interaction
We summarize all observations in Figs. 4.7 and 
4.8. We observed two principal modes of inter-
action (Fig. 4.7). The first mode concerns the 
change in shape of the fluid inclusion (change 
or no change), and the second mode concerns 
the motion of the fluid inclusion and the grain 
boundary (pass without moving the inclusi-
on, pass with moving the inclusion (drag) and 
stopped by the inclusion (pinning; Fig. 4.8). In 
this paper we use the term “no interaction” for 
the case that neither position nor shape chan-
ges when a grain boundary passes a fluid in-
teraction. However, we note that the detection 
of both change in shape and motion of a fluid 
inclusion is dependent on the resolution of the 
microscope and the digital images. Therefore 
a more accurate definition of no interaction is: 
the absence of change in shape or in position 
at the resolution of our imaging system, which 
is around 1 µm. It is also clear that the inter-
action is mutual: migrating grain boundaries 
affect fluid inclusions and grain boundaries 
can be affected by fluid inclusions. In Fig. 4.8 
this is simplified and the grain boundaries are 
shown as straight lines.
Fig. 4 .7. Matrix summarizing two principal modes 
of grain boundary–fluid inclusion interac-
tions. The first mode (columns) concerns 
the change in shape of the fluid inclusion 
(change or no change), and the second mode 
(rows) concerns the motion of the fluid inclu-
sion and the grain boundary (pass without 
moving the inclusion, pass with moving the 
inclusion (drag). The field where no interac-
tion of fluid inclusions and grain boundari-
es occurs is shaded in grey. See Fig. 4.8 for 
legend.
Change in shape occurs in two regimes. In the 
first (regime 1) the shape of the fluid inclusi-
ons was not affected by the migrating grain 
boundary; whereas in regime 2 there was 
clear change in shape. Both regimes 1 and 2 
occurred in each experiment, depending on 
the fluid inclusion size and the velocity of the 
grain boundary (see Discussion 4.4 – drag 
limiting grain boundary velocity). In regimes 
1 and 2, a migrating grain boundary can (a) 
pass the fluid inclusion,or (b) drag and drop 
the fluid inclusion,or can (c) be pinned by a 
fluid inclusion, or (d) incorporate the fluid 
inclusion into the migrating grain boundary 
((d) does not occur in regime 1). In more de-
tail, the processes are as follows. In regime 
1 the inclusions did not change in shape for 
shape not affected shape affected
no 
drag
drag
no FI-GB interaction FI-GB interaction
FI-GB interaction FI-GB interaction
Fig. 4.8 
regime 1a
Fig. 4.8 
regime 2a
Fig. 4.8 
regime 1b
Fig. 4.8 
regime 2b
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any of the processes named above, they 
stayed spherical while being passed (a) or 
dragged (b) by a migrating grain bounda-
ry and they also kept their spherical shape 
when a grain boundary was pinned (c). In 
regime 2 (a) the fluid inclusions were elon-
gated when being passed by migrating grain 
boundaries; they re-equilibrated to spheres 
after the grain boundary passed (e.g., Fig. 
4.6b, movie S7). In regime 2 (b) the elonga-
ted inclusion necked down, and part of the 
fluid remained at the migrating grain bound-
ary (see also Fig. 4.6c, movie S8). In regime 
2 (c) the inclusions changed shape and wet-
ting angle (see also Fig. 4.4) or contracted 
to an array of isolated inclusions(cf. Schenk 
and Urai, 2005). A rarely but also observed 
case was the incorporation of fluid inclusions 
into the migrating grain boundary (regime 2
 (d); Schenk and Urai, 2005). Processes were 
similar but more complex in the case of fluid 
inclusion arrays interacting with grain bounda-
ries (Fig. 4.9). As a variation to regime 2a, in (a) 
the elongated fluid inclusion is dropped as an 
array of fluid inclusions (see also Fig. 4.5a, mo-
vie S2). Dropping an array of isolated bubbles 
from a fluid reservoir at the migrating grain 
boundary could generate a fluid inclusion trail 
as shown in (b) (see also Figs. 4.5b and 4.5d, 
movies S3 and S5). In (c) a grain boundary con-
taining an array of fluid inclusions started to 
move and dropped the fluid inclusions. Note, 
this is equivalent to regime 1c and 2c. Finally 
in (d) we show how a fluid film contracted into 
isolated fluid inclusions (see also Fig. 4.5c, 
movie S4).
4.3.2.3  Mobility control and   
development of drag angle
In Figs. 4.8 and 4.9, for simplification, we 
have drawn grain boundaries as straight lines. 
In reality the drag angle θ (the angle under 
which the migrating grain boundary exceeds 
a drag force on the fluid inclusion (Hsueh et 
al., 1982; Svoboda and Riedel, 1992)) is an 
important parameter. According to theory 
(Hsueh et al., 1982; Svoboda and Riedel, 
1992), under a critical drag angle θn the grain 
boundary will release the fluid inclusion. In 
our observations θn was highly variable and 
no systematic relationship with size and velo-
city was apparent. 
We collected a number of observations whe-
re one single grain boundary swept fluid in-
clusions of different sizes and shapes (Fig. 
4.10a, movie S9). In this example six major 
features were apparent (Fig. 4.10b). i) When 
the fluid inclusion got in contact with the grain 
boundary it could change its shape producing 
a dynamic wetting angle ψ. ii) Small inclusi-
ons were dragged longer distances through 
the material than large ones at the same grain 
boundary velocity. iii) The critical drag angle θn 
under which the grain boundary was 
released from the fluid inclusions appears to 
be independent from fluid inclusion size and 
grain boundary velocity. iv) The grain bounda-
ry velocity appears to decrease when being in 
contact with many fluid inclusions.  v) For the 
same fluid inclusion size a high-velocity grain 
boundary has less ability to drag a fluid inclu-
sion than a slow one. vi) A decrease in size of 
the fluid inclusions was observed when being 
swept by a migrating grain boundary (see also 
Fig. 4.13).
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4.4 DISCUSSION
4.4.1  Drag limiting 
grain boundary velocity 
Beside the wetting angle, the two main expec-
ted to control which of the interactions from 
Figs. 4.7 and 4.8 occurs are grain boundary 
velocity and fluid inclusion size (Hsueh et al., 
1982; Svoboda and Riedel, 1992; Olgaard and 
FitzGerald, 1993; Petrishcheva and Renner, 
2005). Figure 4.11 (experiment ce03) shows 
that for low grain boundary velocities (~10-6 
ms-1) and different fluid inclusion radius, the 
medium-sized fluid inclusions (6 > r > 3.5 µm)
were elongated when swept by migrating grain 
boundaries, (compare to Fig. 4.6b, movie S7). 
The largest fluid inclusions (r > 6 µm) showed 
necking followed by separation from the mo-
ving grain boundary (compare to Fig. 4.6c, mo-
vie S8). Very small fluid inclusions (< 3.5 µm) 
stayed spherical while being dragged. This 
is in qualitative agreement with predictions 
by  Hsueh et al. (1982), Svoboda and Riedel 
(1992) and Petrishcheva and Renner (2005). 
The reason for this is that small inclusions 
allow mass transfer from the leading to the 
trailing surface; hence they are dragged until 
they separate from the grain boundary under a 
critical drag angle. For large inclusions the ma-
terial will precipitate and form a neck before 
reaching the trailing surface.
According to these models the occurrence of 
drag and drop is also dependent on the flu-
id inclusion size and therefore mobility. For 
the same grain boundary velocity a small 
inclusion can be dragged larger distances 
than a large one. This is consistent with the 
observations shown in Fig. 4.10 (movie S9). 
The unsystematic development of the critical 
drag angle is presumably related to the num-
ber and distribution of fluid inclusions (Hum-
phreys and Hartherly, 1996) which was not 
further investigated in this study. Turning to 
the presence or absence of interaction (Figs. 
4.7 and 4.8) we now investigate the effect of 
grain boundary velocity and fluid inclusion ra-
dius.  Here we have plotted our data from four 
different experiments in Fig. 4.12, indicating
the presence or absence of interaction for (a) 
annealing, (b) dynamic grain boundary migra 
tion recrystallization and (c) post-kinematic 
annealing. All three diagrams show that the 
boundary between the two fields (presence 
or absence of interaction) occurs at a critical 
grain boundary velocity, which is dependent 
on the fluid inclusion size (in Fig. 4.12c the 
data are not sufficient to test the presence of 
an effect due to fluid inclusion size). 
For annealing and dynamic recrystallization 
the drag limit was mapped to be in the ran-
ge of 1×10-7 ms-1 for fluid inclusion radius 
below 10 µm; for post-kinematic annealing 
this is slightly slower, at 2×10-8 ms-1.
Above the limits shown in Fig. 4.12, interac-
tion cannot be excluded but must have been 
below the limit of resolution of our imaging 
system. The slightly higher limit for annealing 
(stages 1 and 2) and dynamic recrystallizati-
on (stage 3) in comparison to post-kinematic 
annealing (stage 4) could be explained by the 
higher dislocation density in the polycrystal, 
which increases the fluid inclusion mobility 
(e.g., Tullis et al., 1996). Prior to sintering the 
samples were pre-compacted which increases 
dislocation density (Gottstein, 2004). Recove-
ry processes during post-kinematic annealing 
decrease the dislocation density (e.g., Hum-
phreys and Hartherly, 1996).
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2regime           shape affected1regime         shape not affected
pass
(no drag)
drag
pin
incorporate
t� t� t� tn
a)
b)
c)
d)
t� t� t� tn
a)
b)
c)
migrating Grain Boundary
stationary GB 
GB in  a previous
time step
uid lm
on GB
Fluid inclusions FI-array or -trail
Legend:
Fig.  4.8. Matrices summarizing the evolution of fluid inclusion morphology for fluid inclusions not being chan-
ged in shape by passing grain boundaries (regime 1) and fluid inclusions being changed in shape by 
passing grain boundaries (regime 2). Passing without dragging (a), the drag and drop of fluid inclusions 
(b), and pinning (c) of fluid inclusions was observed in both regimes. The incorporation of fluid inclusions 
to the migrating grain boundary (d) does only occur in regime 2. In (b) necking down of a fluid inclusion 
is illustrated as an end-member of drag and drop accompanied by shape change. In this field fluid inclu-
sions can also become elongated without necking. The field where no interaction of fluid inclusions and 
grain boundaries occurs is shaded in grey.
t� tn
a)
b)
c)
d)
Fig. 4 .9. Sketch illustrating the formation of fluid inclusion arrays behind 
migrating grain boundaries. a) The breakup of an elongated inclu-
sion into an array of smaller inclusions, b) a migrating grain bound-
ary drops an array of inclusions, c) reactivated grain boundary lea-
ves a ghost grain boundary behind, and d) a fluid film shrinks into 
an array of isolated inclusions. See Fig. 8 for legend.
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Fig. 4 .10. a) Image sequence showing camphor with 
ethanol during annealing (temperature 50 to 
70 °C). A migrating grain boundary sweeps 
over an array of differently shaped and sized 
fluid inclusions (movie S9, experiment ce02 01, 
Table 4.1). b) Sketch showing an overlay of the 
eight time steps. Gray shading of the inclusions 
indicates the successive time steps, Δt = 120 
sec.. See text for details. 
 t1
 t8 t7 t6 t5
 t4 t3 t2
a
300 µm
t1 t7t6t5t4t3t2 t8
θθ
i)
ii)
iii)
iv)
v)
vi)
b
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When a fluid inclusion was dropped by a grain 
boundary after interaction (Fig. 4.5) it was fre-
quently elongated (cigar shaped) with a gra-
dient of curvature along the surface. During 
annealing these inclusions either contracted 
into a sphere (indicating a very low surface 
energy anisotropy) or broke up into an array 
of fluid inclusions. The gradient in curvature 
produces chemical potential gradients which 
drive diffusive material transport (Chuang
and Rice, 1973; Reuschle, 1988). The final, 
stable structure is an array of fluid inclusions
as the transformation from an elongated or 
tube-shaped inclusion to an array of smaller 
of spherical inclusions results in a reduction 
of total interfacial energy of the system (Ni-
chols and Mullins, 1965). The formation and 
break-up of cylindrical tubes is also observed 
for crack-healing experiments. The phenome-
non is explained with rate-limted diffusion 
transport processes (Smith and Evans, 1984; 
Hickman and Evans, 1987; Leroy and Hei-
dug, 1994) and surface tension instability. 
Fig. 4 .11. Diagram showing grain boundary velocity vs. fluid inclusion size. Dependent on the size a fluid in-
clusion can be i) dragged keeping its spherical shape, ii) become elongated while being dragged, or iii) 
neck down being in contact with a migrating grain boundary. As example the morphology change of an 
attached fluid inclusion with increasing fluid inclusion size was sketched. See text for details.
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4.4.2 Fluid inclusion re-equilibration
Chapter 4
63
Fig. 4 .12. Diagrams showing results for grain boundary migration rates as a function of fluid inclusions size 
for a) annealing, b) dynamic grain boundary migration recrystallization, and c) post-kinematic anne-
aling. Measurements allow mapping of a drag limit (dashed line) above which the fluid inclusions are 
not affected by a passing grain boundary. The dataset of Fig. 4.11 is marked in (b). Please note error bars 
in the lower left and upper right corner. See text for details.
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4.4.3  Preferential leaking of fluid inclusions along 
grain boundaries
Figure 4.13 shows the size of fluid inclusion 
before and after being passed (with and wit-
hout interaction) by migrating grain boundari-
es. An analysis of measurement uncertainty of 
fluid inclusion radius is given in the Appendix 
4.8.1. It is clear from this diagram that after 
passage of a grain boundary, fluid inclusi-
ons tend to be smaller. In 12.5% of the cases 
measured, there was no significant change in 
radius, in 12.5% the fluid inclusion became 
significantly larger, and in 75% of the cases 
the inclusion reduced in diameter, up to 39% 
(39% decrease in radius equals 77% decrea-
se in volume assuming a spherical inclusion). 
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Fig. 4 .13. Diagram showing the fluid inclusion size 
for fluid inclusions before vs. after being 
passed by a migrating grain boundary. Fluid 
inclusions show up to 39% reduction in dia-
meter. The reduction was observed for both 
cases, the interaction of fluid inclusions and 
grain boundaries and for no interaction of 
fluid inclusions and grain boundaries.
This change in size indicates a preferential lea-
king of fluid inclusions along grain boundari-
es, and suggests that in our experiments grain 
boundaries were relatively easy pathways for 
the fluid, in channels or films below the resolu-
tion of our imaging system. 
We found no clear effect of grain boundary 
orientation or grain boundary velocity in this 
dataset. A reduction in fluid inclusion size was 
observed for all modes and regimes of fluid 
inclusions–grain boundary interaction. High 
angle grain boundaries are defined as lattice 
defects (e.g., Gottstein, 2004) and are known 
as fast diffusion paths. Schenk and Urai (2005) 
showed that at low grain boundary migration 
rates the content of the fluid inclusion is in-
corporated into the boundary and distributed 
laterally. In our study the incorporation of the 
entire inclusion was an exception. However, 
our measurements indicated that there was 
preferential leakage along grain boundaries, 
which may lead to local wetting of grain bound-
aries. Many studies on natural rocks, such as 
quartz mylonites (Mancktelow and Pennacci-
oni, 2004) or halite (Ter Heege et al., 2004), 
have shown that wetting of grain boundaries 
can have large effects on the rheological and 
seismic properties of rocks (Hirth and Kohls-
tedt, 1996).
4.4.4  Implications for   
metamorphic studies
In agreement with a number of earlier studies 
(e.g., Urai, 1983; Drury and Urai, 1990; Schenk 
and Urai, 2005), this study has shown that in 
crystalline materials at high homologous tem-
peratures mobile grain boundaries and fluid 
inclusions can have a range of very complex 
interactions. The most prominent diagnostic 
microstructure for these fluid inclusions is that 
they are arranged in linear arrays in the grains 
(Hansen et al., 1984; Beurlen et al., 2001).
Jessell et al. (2003), showed that subsequent 
to grain growth unswept cores of grains are pre-
served that record important information on in-
itial grain size and orientation that can be used 
to reconstruct the metamorphic conditions of 
formation. Preserved arrays of fluid inclusions 
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Fig. 4 .14. Image sequence showing the interaction of fluid with fluid-filled, migrating grain boundaries,  
Δt = 100 min. (movie S10, experiment ce03 10, Table 4.1). The example illustrates that overprinting by a 
fluid-filled grain boundary may also cause an alteration of isolated fluid inclusions by fluid-filled grain 
boundaries. The process recorded in this image sequence was dynamic grain boundary migration re-
crystallization. In the three time increments one and the same fluid inclusion got in contact with grain 
boundaries of three different grains. The first passing grain boundary showed a microscopically visible 
fluid content, for the other ones the fluid content could be assumed to be apparent in a different scale. In 
the first time increment the fluid inclusion has not only been in contact with the fluid-filled grain bound-
ary, but it has also been merged with a neighbouring fluid inclusion. The same is valid for the second 
time increment and after the third contact with a grain boundary in t4, the fluid inclusion again is located 
inside the bulk crystal in a considerable distance from any grain boundary and there are no indicators 
left that hint the grain boundary−fluid inclusion interaction.
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provide additional information. Looking at 
snapshots of our experiments at a certain time 
such trails are relatively rare. They may have 
been overlooked in metamorphic studies. In 
addition we have shown that fluid inclusions 
can experience a number of interactions with 
migrating grain boundaries, thereby possib-
ly changing the chemical composition of the 
fluid. An example is shown in Fig. 4.14 (mo-
vie S10) (see figure caption for description). 
Although the processes are complex our stu-
dy could provide a basis for improved inter-
pretation of fluid inclusions in metamorphic 
tectonites.
Many studies show that the presence of a se-
cond phase may have a strong effect on the 
recrystallized grain size and therefore the 
mechanical properties of a polycrystalline 
material (e.g., Couturier et al., 2005). Zener 
pinning may delay or inhibit grain growth 
(Olgaard and Evans, 1988; Humphreys and 
Hartherly, 1996) dependent on the number, 
size and distribution of the second phase 
particles, or in our case fluid inclusions (see
also Evans et al., 2001). The pinning of grain 
boundaries is mainly caused by fluid inclusi-
ons in which the host crystal is weakly soluble, 
or solid inclusions (Mancktelow et al., 1998). 
However, in our study we use a strong solvent 
(camphor in ethanol) and our results show that 
for sufficiently high grain boundary velocities 
fluid inclusions show no interaction with the 
grain boundary. Enduring pinning effects have 
rarely been observed and it can be assumed 
that the liquid phase will have a minor effect 
on the recrystallized grain size, with respect to 
the grain boundary–fluid inclusion interaction. 
Moreover, studies of Ter Heege et al. (2005) 
showed that a material deformed together with 
a solvent (halite in water)
adjusted to a larger grain size compared to a 
‘dry’ sample. Mancktelow et al. (1998) point 
to the higher-order effect of enhanced grain 
boundarymobility due to the presence of water 
in samples of quartz and feldspar towards pin-
ning effects of insoluble second phases on the 
recrystallized microstructure.
4.5 CONCLUSIONS
The experiments we report show that fluid in-
clusions may or may not be affected by a mig-
rating grain boundary, depending on the grain 
boundary velocity. The critical grain boundary 
velocity for the interaction of migrating grain 
boundaries with fluid inclusions is dependent 
on the fluid inclusion size. For the same grain 
boundary velocity a large inclusion can be 
modified while a small inclusion is passed wi-
thout being affected. In addition, the interac-
tion of a fluid inclusion with a migrating grain 
boundary may strongly affect the fluid inclu-
sion morphology. We demonstrated that the 
contact of a fluid inclusion with a grain bound-
ary allows leaking of fluid and fluid transport 
along the grain boundary. However, the pre-
served microstructure is only a snapshot and 
provides no full information on formation and 
alteration of fluid inclusions in recrystallized 
rocks.
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4.8 APPENDIX
4.8.1  Measurements on   
fluid inclusions
The automated time-lapse image capture does 
not allow re-focusing on individual fluid inclu-
sions during an image sequence. Due to this, 
measurements on fluid inclusion size may con-
tain an error if the inclusion moves up or down 
in the sample. To quantify this we focused at 
different levels on two isolated fluid inclusions. 
This is illustrated for one inclusion in Fig. 4.A1. 
(a) Level 1 lies in the centre of the inclusion, 
level 2 above the centre (+10 µm) and level 3 
below (-10 µm) it. Focusing too high or too low 
did not produce an image of a dark ring around 
a bright area–such images were not used in 
our experiments (levels 4 and 5, > 20 µm from 
centre). We used Adobe Illustrator CS3 to trace 
the outer limits of the inclusion in the centre 
of the dark reflection rim by defining about 10 
anchor points around the boundary, on the 
darkest pixel in the image (b). We then created 
a Bézier curve from the anchor points (setting 
curve precision = 70%) (c). The area of the 
object was measured using Image SXM1.86 
(d & e) and the radius was set equal to the 
area-identical spherical radius. The largest 
area was measured in level 1, the centre of 
the inclusion. Accordingly, measurements in 
different levels had a smaller value. The mea-
surements were repeated three times (Table 
4.A1).
We estimated a standard deviation of 0.5 µm 
for the inclusion with a radius of 19.5 µm and 
0.08 µm for the inclusion with a radius of 5.8 
µm. An uncertainty in measurement of 4% for 
the radius of a fluid inclusion was determi-
ned.
1 234
0 µm
50 µm
level 3 2 45
1
a)
b)
c)
d)
e)
Fig. 4 .A1. Image sequence and sketch showing the measuring procedure for uncertainty approximation of 
fluid inclusion measurements. See text for details. 
4.8.2  Distribution of the fluid phase
In a triaxial gas apparatus, Bons (1993) de-
termined a power law flow-law for pure cam-
phor of 
	  
 log( ε ) = −4.877 + log(σ )  at 28 °C. 
Hind et al. (1960) propose an Arrhenius type 
of equation for the viscosity of camphor with 
	  
η = 0.342 exp(1.96 × 104 / RT )  (Fig. 4.A2a). This 
suggests that the differential stress in our
experiments was around 0.05 MPa. Prior to 
deformation the Mohr Circle lies in the origin 
(Fig. 4.A2b). As soon as a stress is applied 
differential stresses build up and simultane-
ously the sample is squeezed out at grooves 
in the sample holder.
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Table 4.A1. Fluid inclusion size measurements. 
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Fig. 4.A2. a) Diagram showing the stress−strain rate relation for pure camphor at 28 °C as proposed by Bons 
(1993) and for a linear-viscous material behaviour at 28 and 70 °C deduced from the equation by Hind et al. 
(1960) (small diagram). See text for further explanation. b) Sketch showing sample and sample jacket prior 
(1) and during deformation (2). Mohr diagram illustrates stress conditions. See text for further explanation. 
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Movie S1. Experiment ce01 08, stage 3; deformation at 
70 °C with a constant strain rate of 2.7×10-6s-1, the 
microstructural process is grain boundary migrati-
on recrystallization accompanied by dynamic grain 
growth. Please note the dynamic wetting angle with 
variations at leading and trailing surface. This expe-
riment is also shown in Fig. 4.4b.
Movie S2. Experiment ce01 12, stage 3; deformation at 
70 °C with a constant strain rate of 1.6×10-5s-1, the 
microstructural process is grain boundary migration 
recrystallization. A flat fluid inclusion left behind by 
migrating grain boundary breaks up into an array of 
smaller inclusions. This experiment is also shown in 
Fig. 4.5a.
Movie S3. Experiment ce01 16, stage 4; post-kinematic 
annealing at 70 °C, the microstructural process is 
grain boundary migration recrystallization. Isolated 
fluid inclusions are left behind a slowly migrating 
triple junction; only the fastest boundary drops the 
fluid. This experiment is also shown in Fig. 4.5b.
Movie S4. Experiment ce01 15, stage 4; post-kinematic 
annealing at 70 °C, the microstructural process is 
recovery followed by grain growth. A ghost grain 
boundary is formed behind a migrating grain bound-
ary. The fluid film breaks up into an array of inclusi-
ons. This experiment is also shown in Fig. 4.5c.
4.8.3 SUPPLEMENTARY MATERIAL – MOVIE CAPTIONS
Table 4.S. Overview of supplementary movie files.
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Movie S5. Experiment ce03 01, stage 3; deformation at 
50 °C with a constant strain rate of 5.0×10-5s-1, the 
microstructural process is grain boundary migration 
recrystallization. Isolated fluid inclusions are left 
behind a migrating, fluid-filled grain boundary. This 
experiment is also shown in Fig. 4.5d.
Movie S6. Experiment ce02 01, stage 1; annealing at 70 
°C, the microstructural process is grain growth. A flu-
id inclusion (radius = 25µm) is passed by migrating 
grain boundary without being affected. This experi-
ment is also shown in Fig. 4.6a.
Movie S7. Experiment ce02 01, stage 1; annealing at 
70 °C, the microstructural process is grain growth. 
The fluid inclusion (radius = 25µm) gets elongated 
while being passed by a migrating grain boundary. 
This experiment is also shown in Fig. 4.6b.
Movie S8. Experiment ce08 04–07, stage 1; annealing 
at 50 °C, the microstructural process is grain growth. 
A fluid inclusion (radius = 25µm) necks down while 
being attached to a migrating grain boundary. This 
experiment is also shown in Fig. 4.6c.
Movie S9. Experiment ce02 01, stage 1; annealing at 70 
°C, the microstructural process is grain growth. A mi-
grating grain boundary passes an array of different 
shaped and sized fluid inclusions. This experiment 
is also shown in Fig. 4.10a.
Movie S10. Experiment ce03 10, stage 3; deformation at 
70 °C with a constant strain rate of 2.6×10-6s-1, the 
microstructural process is grain boundary migration 
recrystallization. One and the same fluid inclusion 
is passed by three different, presumably fluid-filled 
grain boundaries. This experiment is also shown in 
Fig. 4.14.
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and fluid inclusions in rock analogues: the effect 
of wetting angle and fluid inclusion velocity
Schmatz, J., Schenk, O., Urai, J.L. in press. The interaction of migrating grain boundaries 
and fluid inclusions in rock analogues: the effect of wetting angle and fluid inclusion velo-
city. Contributions to Mineralogy and Petrology. DOI: 10.1007/s00410-010-0590-3.
ABSTRACT
The distribution of fluids in grain boundaries, fluid inclusion morphology and kinetics have 
important effects on the evolution of microstructure and transport properties and should be 
understood for correct interpretations for studies of thermobarometry and paleorheology. 
We compare results of in-situ annealing experiments on rock analogues in the presence of 
different pore fluids in transmitted light: bischofite with saturated brine, camphor with etha-
nol, and camphor with ethylene glycol. The solid–liquid systems vary in terms of wettability 
and solubility, while homologous temperatures, strain rates, annealing times and the initial 
textures are similar. 
In agreement with earlier work and theory, we observe different types of grain boundary- fluid 
inclusion interaction at sufficiently low grain boundary velocity such as drag and drop, ne-
cking, and the break up into arrays of smaller inclusions. 
In all three systems the maximum possible velocity of a fluid inclusion being dragged by a 
moving grain boundary is dependent on the fluid inclusion size. We interpret this to reflect the 
fluid inclusion mobility, and compare the trend with theoretical models which suggest that 
for all three systems the rate limiting process is bulk diffusion and not surface diffusion or 
solution-precipitation. 
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5.1 INTRODUCTION
Fluid-bearing grain boundaries serve as fast 
intergranular diffusion pathways and allow for 
stress-driven mass transfer such as pressure 
solution (dissolution-precipitation creep: e.g., 
Rutter, 1976; Spiers and Schutjens, 1990) or 
fluid-assisted grain boundary migration (e.g., 
Urai et al., 1987). Fluid distribution, its con-
nectivity and the wetting properties of the 
solid-liquid interface have important conse-
quences on rheology and mass transfer pro-
cesses in rocks. Primary and secondary rec-
rystallization as well as microfractures modify 
the grain-scale fluid distribution and compli-
cate the interpretation of fluid inclusions with 
respect to varying p-T conditions in metamor-
phic rocks (Boullier, 1999). In addition the se-
cond phase affects the recrystallized texture 
(e.g., Bons and Urai, 1992; Herwegh and Kun-
ze, 2002; Becker, et al. 2008) and therefore 
limits paleostress predictions by grain size 
piezometry (FitzGerald et al., 2006; Schléder 
and Urai, 2007; Austin and Evans, 2007).
Studying fluid inclusions in model systems 
contributes to an understanding of fluid-rock 
interactions in the deep crust (Renner et al., 
2002; Schenk and Urai, 2005; Walte et al., 
2005; Schmatz and Urai, 2010). For monomi-
neralic rocks many studies have shown that 
the recrystallized grain size is controlled by the 
flow stress (e.g., Twiss, 1977; Post and Tullis, 
1998), however the effect of fluids and solid 
second phases on the texture is still poorly 
understood. Immobile particles may pin the 
grain boundary (e.g., Smith, 1948, Olgaard 
and Evans, 1986) while a mobile second pha-
se may be deformed and dragged along by a 
migrating grain boundary (Olgaard and Evans, 
1988; Schmatz and Urai, 2010). 
Schmatz and Urai (2010) show that above a 
critical grain boundary velocity, fluid inclusi-
ons do not affect passing grain boundaries 
in a rock analogue system camphor–ethanol, 
in agreement with models (Gottstein and Sh-
vindlerman, 1993). Below this limit they ob-
served a range of interactions of fluid inclusi-
ons and grain boundaries, such as drag and 
drop of fluid inclusions and pinning of grain
boundaries by immobile fluid inclusions. Basic 
theory predicts that if the ratio of fluid inclusi-
on mobility (
	  
MFI ) and grain boundary mobility 
(
	  
MGB ) is 
	  
MFI / (N *MGB ) ≥ 1  (Fig. 5.1a, with the 
fluid inclusion density ) fluid inclusions have a 
minor effect on grain boundary migration rec-
rystallization and the recrystallized grain size, 
whereas a mobility ratio of 
	  
MFI / (N *MGB ) < 1  
(Fig. 5.1b) implies effects by drag and drop of 
second phase, and for 
	  
 MFI / (N *MGB )  1  Zener 
drag is dominant (e.g., Brook, 1969; Herwegh 
and Berger, 2004).
The mobility of fluid inclusions is controlled by 
transport of material, either by bulk diffusion 
(b), surface diffusion (s), or a solution-preci-
pitation (sp) process (Fig. 5.1c, Chuang et al., 
1979; Gratier and Jenatton, 1984). As descri-
bed in a number of models (e.g., Hsueh et al., 
1982; Svoboda and Riedel, 1992; Petrishche-
va and Renner, 2005), besides the fluid inclu-
sion mobility two major parameters control the 
kinetics of fluid inclusions: firstly the dynamic 
wetting angle ψ of the liquid-solid interface 
and secondly the drag angle θ under which the 
grain boundary exceeds a drag force on the flu-
id inclusion (Fig. 5.1c).
In ceramics the concept of Zener drag descri-
bes the force and energy balance during drag 
and drop and the velocity of a fluid inclusi-
ons is given by 
	  
v = MFIFd , where 
	  
Fd  is the 
drag force. The drag force can be described by 
	  
Fd = 2πγ GBr sinθ , with grain boundary energy 
	  
γ GB  and the radius of the inclusion 	  r . For the 
maximum possible drag force and the corres-
ponding maximum drag angle (Fig. 5.1b), the 
fluid inclusion moves at its maximum velocity. 
The fluid inclusion is dropped when the grain 
boundary velocity exceeds the peak fluid inclu-
sion velocity at the critical drag angle (Hsueh 
et al., 1982; Svoboda and Riedel, 1992; Petris-
hcheva and Renner, 2005). 
All existing models describe the second phase 
to be arranged as inclusions along grain bound-
aries or inside the grains without change in 
the fluid volume. However, it has been shown 
that the fluid inclusions may also be incorpo-
rated into grain boundaries and re-distributed
laterally (Schenk and Urai, 2005). 
Chapter 5
77
The presence of a thin fluid film along grain 
boundaries, which may enhance grain bound-
ary migration recrystallization, has been dis-
cussed in a series of papers (e.g., quartz: Tullis 
and Yund, 1982; Kronenberg and Tullis, 1984; 
halite: Spiers et al., 1986; Watanabe and 
Peach, 2002; Schenk and Urai, 2004; Ter Hee-
ge et al., 2005; olivine: Karato, 1989), howe-
ver the effect of the fluid morphology, fluid film 
thickness, and fluid chemistry on grain bound-
ary mobility is not well known.
Grain boundary–fluid inclusion interaction 
may strongly affect fluid inclusion chemistry. 
Experimental data suggest that inclusions 
can leak along grain boundaries (Schmatz and 
Urai, 2010) or may leak single components 
selectively as conditions depart from the 
original trapping conditions (Bakker, 1992; 
Johnson and Hollister, 1995). Kerrich (1976) 
and Schléder and Urai (2007) report that 
recrystallization has been responsible for 
„sweeping out“ most of the primary inclusion 
arrays of the grains. See-through deformati-
on experiments with rock analogues provide 
a method to study the time-evolution of fluid 
inclusions during grain boundary migration 
and better understand similar fluid-rock inter-
action processes in the Earth’s crust and up-
per mantle (e.g., Urai and Humphreys, 1981; 
Means, 1989; Bons, 1993; Humphreys and 
Fig. 5 .1. (a) Sketch illustrating fluid inclusion drag for a grain boundary–fluid inclusions mobility ratio of 
	  
MFI / N * MGB( ) > 1  and increasing grain boundary velocity v1-vn. (b) Sketch illustrating drag and drop for 
a mobility ratio of 
	  
M
FI
/ N * M
GB
( ) < 1  and increasing grain boundary velocity. The maximum fluid inclusi-
on velocity 
	  
vmax  is given for the maximum drag angle 
	  
θ max . See text for details. (c) Schematic drawing 
showing parameters that control fluid inclusion–grain boundary interaction. Fluid inclusion is shaded 
grey with radius of curvature 	  a , radius 	  r , dynamic wetting angle 	  ψ , and drag angle 	  θ . Mass trans-
fer processes are illustrated as surface diffusion (s), bulk diffusion (b), and solution–precipitation (sp). 
Atom flux density is associated with the dynamic wetting angle, as it influences the radius of curvature of 
the attached fluid inclusion (	  r = a sinψ ). Sketch modified after Svoboda and Riedel (1992).
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Hatherly, 1996; Walte et al., 2003). In this 
paper we compare results of annealing expe-
riments on rock analogues in the presence of 
different pore fluids saturated with the solid: 
bischofite with brine (Schenk and Urai, 2005), 
camphor with ethanol (Schmatz and Urai, 
2010), and camphor with ethylene glycol. The 
solid–liquid systems vary in terms of wettabi-
lity and solubility, whereas homologous tem-
peratures, strain rates, annealing times and 
the initial textures are similar. Using this data 
we aim to characterize the effect of the pore 
fluid properties on grain boundary–pore fluid 
interaction, grain boundary mobility, and the 
recrystallized texture. We focus on two para-
meters, the grain boundary velocity and the 
fluid inclusion velocity. 
5.2 METHODS
5.2.1 Deformation rig 
The see-through deformation apparatus 
builds on the design of Urai (1987) (Fig. 5.2). 
It consists of a stainless steel vessel equipped 
with high-strength see-through windows at 
top and bottom. It has a pressure controlled 
pore-fluid system allowing pressures up to 
3 MPa and controlled heating up to 200°C. 
Schenk and Urai (2005) give a detailed de-
scription of this generation of the Urai rig. 
In addition to this deformation chamber we 
used a simplified version that does not con-
tain a pore fluid system (Schmatz and Urai, 
2010). Both assemblies consist of a stainless 
steel holder and a pin guide that acts as a for-
cing block (moving σ1 piston). Glass plates are 
used to sandwich the sample holder and the 
sample in between. The glass plates are held 
in place by a precision nut and a high-precisi-
on ball bearing allows the in-situ preparation 
of planar samples by squeezing a pill of model 
material in between the two glass plates. The 
piston is connected to a constant speed step 
motor and thus serves as a  σ1 – piston. The 
assembly is heated with heating elements 
outside of the pressure vessel and mantled 
with insulation material. The temperature 
iscontrolled by a thermocouple. An optical in-
vertoscope with long distance objectives is 
used to allow observations of the experiment. 
It is equipped with a high-resolution digital ca-
mera that recorded 2048 × 1536 px images at 
specific time intervals (15–900 s) with a pixel 
size of 1 px = 0.9 µm (maximum resolution). 
The image sequences are converted to movies 
and analyzed using Adobe Illustrator CS3 and 
Image SXM 1.89.
5.2.2 Sample preparation
5.2.2.1 Camphor–ethanol
Sample preparation of camphor with ethanol is 
described in detail in Schmatz and Urai (2010). 
Camphor is heated together with ethanol and 
an accessory amount of silicon carbide (SiC, 
grain size = 13 µm; added as passive strain 
markers) to 80 °C in a closed glass phial, stir-
red for 30 minutes and cooled down to room 
temperature. The resulting camphor mush in 
saturated solution is squeezed inside the sam-
ple holder to the desired thickness of 100 µm 
(see Schmatz and Urai (2010) for further de-
tails). 
5.2.2.2 Camphor–ethylene glycol
Samples of camphor with ethylene glycol are 
prepared by dissolving 3 g camphor in 1 ml 
ethanol. The solution is mixed with an acces-
sory amount of SiC. One ml of ethylene glycol 
is added to precipitate a homogeneous mix-
ture of camphor, SiC and ethanol from the so-
lution. The result is a milky mush which is left 
for approximately one hour to let the ethanol 
evaporate from the sample. The sample setup 
in the deformation rig follows exactly the pro-
cedure of camphor with ethanol as described 
in Schmatz and Urai (2010).
5.2.2.3 Bischofite-brine
The experiments undertaken with bischofite 
(MgCl2 ⋅ 6H2O) and saturated brine are already 
described by Schenk and Urai (2005). 
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Fig. 5.2. Construction drawing of modified Urai-rig.
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Samples of synthetic, wet polycrystalline bi-
schofiteare prepared by quickly pressing the 
wet powder to the desired thickness of 300 
µm outside of the sample holder, then cut into 
wafers of 14 × 8.5 mm and put into the defor-
mation rig. Samples prepared like this can be 
characterized as pre-deformed. 
5.2.2.4 Measurements
Solubility of the solid phase in the respective 
liquid is determined by dissolving the solid 
in the liquid phase at constant temperature 
until dissolution stops and a few grains are 
in equilibrium with the solution for one hour. 
The dynamic wetting angle is measured by tra-
cing the outline of each inclusion for each time 
step using Adobe Photoshop CS3. Outlines are 
imported to Image SXM 1.89 and automated 
measurements on area and ellipticity are per-
formed. The equivalent radius of the inclusion 
	  r  is defined as the   radius of a circle with the 
same area (Schmatz and Urai 2010). The wetting 
angle 	  ψ  is calculated from the best-fit ellipse (
	  
ψ = arctan(minor axis / major axis) ) (Fig. 5.3a). The 
fluid inclusion velocity is defined by the length 
of the covered distance of the center of gravity 
of the fitted ellipse for a fluid inclusion for suc-
cessive time steps (Fig. 5.3a, in 	  xy − coordinate 
system: 
	  
vFI = (x1 − x2 ) 2+(y1 − y2 )2 ) 
The drag angle 	  θ  is defined at the triple point 
of the two adjacent grains and the fluid inclu-
sion (Fig. 5.3b). In practice it has been shown 
that the most accurate measurement is to fit 
a straight line to the grain boundary segment 
with a length of 3x the fluid inclusion radius. 
80
Wetting angle and fluid inclusion velocity
The drag angle is given by 
	  
θ = arctan(h / r)  
(Fig. 5.3b). Measurements on grain boundary 
velocities are made along orthogonal trajec-
tories inside the sample in a plane parallel to 
the cover glass (Urai, 1983; Schmatz and Urai, 
2010). Measurements are only made in grain 
boundaries inclined more than 80° to the pla-
ne of the section. See the section 5.8 for error 
and uncertainty analyses on measurements.
5.2.2.5 General experiment protocol
A detailed description of the experiments with 
bischofite– brine using the pore-fluid cont-
rolled deformation chamber is given in Schenk 
and Urai (2005), and Schmatz and Urai (2010) 
describe the experimental procedure of cam-
phor–ethanol experiments. The procedure 
with camphor–ethylene glycol samples is
 comparable to camphor–ethanol. 
For all experiments described in this study, 
grain size prior to annealing (late sintering sta-
ge (Schmatz and Urai, 2010) or post-kinematic 
annealing (Schenk and Urai, 2005)) is ~100 
µm and the initial fluid fraction is ~20 %. All 
samples are annealed at constant tempera-
ture of  70 °C (experiments 2s, ce0201, and 
cg0511, Table 5.1). Duration of an annealing 
experiment is 1 h -1 week. Occasionally, the 
fully annealed samples are deformed later at 
variable strain rates and temperatures (presen-
ted in this study: experiments 2d-2, ce0301 
and cg0409, Table 5.1). See Schenk and Urai 
(2005) and Schmatz and Urai (2010) for a de-
tailed description of dynamic experiments.
2ψ
center 
of gravity
2ψ
h 6r
θ
(a) (b)t1 t2
vFI
vGB
Fig. 5 .3. (a) Sketch showing measuring procedure for the dynamic wetting angle. The wetting angle is calcula-
ted from the best-fit ellipse, using 
	  
ψ = arctan(minor axis / major axis) . b) Sketch showing measuring 
procedure for the drag angle. 	  r  is calculated from the best-fit ellipse, 	  h  is measured as shown and the 
drag angle is 	  θ = arctan(h / r) .
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5.3 RESULTS
5.3.1 Solubilty
The three systems vary in terms of solubility, 
wetting behavior, and microstructural evoluti-
on. The solubility of the solid in the respective 
liquid is listed in Table 5.1 showing a similar 
solubility for camphor in ethanol and bischofi-
te in brine. All experiments described in this 
study are undertaken at 70 °C resulting in high
er solubility of camphor in ethanol (1.9 ×10-2 
mol g-1) and bischofite in brine (2.1 ×10-2 mol 
g-1) (factor 100) compared to camphor in ethy-
lene glycol (1.7×10-4 mol g-1).
Table 5.1. Summary of important experiment settings and parameters.
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In camphor–ethanol the dynamic wetting ang-
le is 26 ±10° (n=157) (Fig. 5.4, fig 3, Schmatz 
and Urai, 2010) and in camphor–ethylene gly-
col ψ=33 ±6° (n=70). We measured a dynamic 
wetting angle ψ for bischofite–brine of 16 ±3° 
(n=30). 
The drag angle ψ for fluid inclusions attached 
to grain boundaries is highly variable (Fig. 5.5) 
and measured values do not support a simple 
relation to the fluid inclusion velocity. See 
the Appendix for a short discussion on drag 
angle variability. The critical drag angle θcrit for 
which the fluid inclusion is dropped cannot be 
determined in our experiments, as drop and 
subsequent straightening of the grain bounda-
ry are rare events which occur in the range of a 
few seconds and are not often captured in our 
image sequences which were designed to do-
cument movement of fluid inclusions and grain 
boundaries over long periods.
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Fig. 5 .4. Histograms showing distribution of dynamic wetting angles 	  ψ  in camphor–ethanol (column 1), cam-
phor–ethylene glycol (column 2) and bischofite (column 3) with examples for high 	  ψ  (row 2) and low 
	  ψ  (row 3).
5.3.2  Wetting angle - drag angle
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The microstructural evolution under dynamic 
conditions for the systems bischofite–brine 
(Schenk and Urai, 2005) and camphor–etha-
nol (Schmatz and Urai, 2010) is described in 
earlier publications. The dynamically recrystal-
lized microstructure in bischofite–brine at high 
strain rates and high temperatures (Fig. 5.6a, 
T=90 C°, strain rate=1.7×10-4s-1, experiment 
1d, Schenk and Urai (2005)) features intrac-
rystalline defects indicated by undulose ex-
tinction and twinning. Camphor-ethanol under 
similar conditions (T=70 °C, strain rate=5×10-5 
s-1) shows dynamic grain boundary migration 
recrystallization between grains without visi-
ble lattice distortion and with highly lobate 
grain boundaries accompanied by dynamic 
grain growth (Fig. 5.6b, experiment ce0301). 
In camphor–ethylene glycol we observe grain 
boundary sliding, kinking and subgrain rota-
tion recrystallization as additional microstruc-
tural processes at high temperatures (70 °C) 
and high strain rates (8×10-5 s-1) (Fig. 5.6c, 
exp.cg0409). 
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5.3.3 Microstructural evolution under dynamic conditions
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i)
ii)
c
250 µm
b
250 µm
a
250 µm
Fig. 5 .6. Images showing (a) bischofite–
brine, (b) camphor–ethanol, and 
(c) camphor–ethylene glycol under 
dynamic conditions. See text for 
further description.
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Schmatz and Urai (2010) defined a classi-
fication of principle modes of interaction 
of fluid inclusions with grain boundaries: i) 
motion of fluid inclusions with grain bound-
aries and ii) change of fluid inclusion shape. 
Further subdivisions of these modes can be 
classified as follows: fluid inclusions that 
are passed by migrating grain boundaries 
without interaction (figs 7 and 8, Schmatz 
and Urai (2010), regime 1a), fluid inclusions 
that are dragged and dropped without sha-
pe change (regime 1b), fluid inclusions that 
are dragged and dropped with shape change 
(regime 2b), fluid inclusions that pin a mig-
rating grain boundary without shape change 
(regime 1c) or with shape change (regime 2c). 
Regime 2d covers the incorporation of fluid 
inclusions into the migrating grain boundary.
5.3.4 Observations during annealing
5.3.4.1 Grain boundary-fluid inclusion interaction
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5.3.4.1.1 Camphor–ethanol
In the system camphor-ethanol grain growth 
is dominant (Fig. 5.7, experiment ce0201, 
Table 5.1). Here, for different grain boundary 
migration rates and fluid inclusion sizes we 
observe that (i) fast migrating grain boundari-
es (>2×10-7 ms-1) pass fluid inclusions without 
interaction (regime 1a), (ii) grain boundaries 
migrating with moderate velocities (~2×10-7 
-10-9 ms-1) drag and drop fluid inclusions with 
shape change (regime 2b) and that (iii) fluid in-
clusions pin slowly migrating grain boundari-
es (<1×10-9 ms-1) (regime 2c). Fluid inclusions 
being attached to a migrating grain boundary 
usually change their shape and become elon-
gated during separation. Large fluid inclusions 
(r>7 µm) are seen to neck down while being 
dropped, leaving behind a smaller fluid inclu-
sion at the migrating grain boundary (regime 
2b, figs. 6c and 11, Schmatz and Urai 2010).
Fig. 5 .7. Image sequence showing camphor–ethanol during annealing. Temperature is 70°, dt is 120 sec.. 
Grain boundary migration involves drag and drop of highly mobile fluid inclusions. Overlay at t1 (dashed 
line, white fluid inclusions) and t6 (solid line, grey fluid inclusions) illustrates the microstructural evolu-
tion. Grain boundary velocity (GBv) decreases slowly. 
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5.3.4.1.2  Camphor–ethylene glycol
During annealing of camphor–ethylene glycol 
we observe grain growth (Fig. 5.8, experiment 
cg0511, Table 5.1). Dominant features in the 
interaction of migrating grain boundaries with 
fluid inclusions are (i) the passage of fluid 
inclusion without any interaction for grain 
boundaries being faster than ~ 8×10-7 ms-1 
(regime 1a) and (ii) pinning of grain bound-
aries by immobile fluid inclusions (grain bound-
ary velocity <1×10-9 ms-1) (regime 1c). Drag and 
drop (regime 1b) is also observable for grain 
boundary velocities in the range of ~1×10-9 
ms-1 but only measureable for small inclusions 
(r <10 µm) for the duration of an experiment. 
Usually, the fluid inclusions keep their shape 
when in contact with a grain boundary.
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5.3.4.1.3 Bischofite–brine
Deformation and subsequent annealing of 
bischofite at high homologous temperatures 
(Th~0.7) leads to rapid recrystallization. The 
dynamically recrystallized texture of wet bi-
schofite samples (Fig. 5.9, experiment 05010, 
fig 10, Schenk and Urai, 2005, Table 5.1) 
predominantly consists of small grains (100 
µm) (Schenk and Urai, 2005). Grain growth 
during post-kinematic annealing overprints 
the texture with new, strain-free grains. At this 
stage variable interaction of fluid inclusions 
with migrating grain boundaries is observed: 
(i) For very high grain boundary migration 
rates (>5×10-8 ms-1) we observe no interac-
tion of fluid inclusions with passing grain 
boundaries (regime 1a). (ii) At high grain 
boundary velocities (1×10-9-9×10-9 ms-1) the 
fluid inclusions are dragged and affected in 
shape (regime 2b). After the grain boundary 
has dropped fluid inclusions they re-equilib-
rate to spheres in a few minutes; (iii) for mo-
derate grain boundary velocities (<5×10-10 ms-1) 
the fluid inclusions are dragged involving (iv) 
the incorporation of fluid inclusions into the 
migrating boundary (regime 2d). Incorporation 
involves the re-distribution of fluid along the 
grain boundaries resulting in a fluid film which 
is often associated with local thickening of the 
grain boundary.
Fig. 5 .8. Image sequence showing camphor–ethylene glycol during annealing. Temperature is 70°C, dt is 10 
min. Only minor interaction of grain boundaries and fluid inclusions is visible. Overlay at t1 (dashed line, 
white fluid inclusions) and t6 (solid line, grey fluid inclusions) illustrates the microstructural evolution. 
The grain boundary velocity is constantly low.
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5.3.5  Critical grain boundary  
velocity
Above a certain critical grain boundary veloci-
ty grain boundaries do not interact with fluid 
inclusions (see Schmatz and Urai, 2010) as ob-
served in all three systems. During annealing 
the critical grain boundary velocity measured 
in camphor–ethanol is around 1×10-7 ms-1 (for 
fluid inclusion radius = 5 µm) (Fig. 5.10a). For 
camphor–ethylene glycol the critical velocity 
is ~ 8×10-9 ms-1 (Fig. 5.10b). The critical grain 
boundary velocity for bischofite–brine is in 
between is around 2×10-8 ms-1 (Fig. 5.10c). A 
number of observations for large fluid inclusi-
ons in camphor–ethanol show that the critical 
grain boundary velocity is dependent on the 
fluid inclusion size (Schmatz and Urai, 2010).
5.3.6  Maximum fluid inclusion  
velocity
In Figure 5.11 we concentrate on fluid inclusion 
velocity, plotting all data (all modes of interac-
tion, except regime 1a) where fluid inclusions-
moved and their velocity could be measured. 
For camphor–ethanol and bischofite–brine 
there is a clear maximum above which no fluid 
inclusion velocities were measured, and this 
maximum decreases by almost two orders of 
magnitude for fluid inclusion size of 1 to 20 
µm in camphor–ethanol and 1-10 µm in bi-
schofite–brine. For camphor–ethylene glycol 
data are comparable to camphor–ethanol for 
fluid inclusions size and velocity, but there are 
not sufficient data to allow testing the hypo-
thesis of size-dependent maximum velocity.
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Fig. 5 .9. Image sequence showing post-kinematic grain boundary migration recrystallization in polycrystal-
line bischofite with saturated brine. Temperature is 70°C, dt is 1h. Overlay at t2 (dashed line, white fluid 
inclusions) and t6 (solid line, grey fluid inclusions) illustrates pronounced interaction of grain boundari-
es and fluid inclusions accompanied by incorporation of fluid into the migrating grain boundary leading 
with local thickening. Grain boundary velocity decreases rapidly with incorporation of fluid inclusions.
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5.4 DISCUSSION
5.4.1 Solubility
Solubility is one of the key parameters control-
ling fluid–rock interaction (e.g., Kronenberg 
and Tullis, 1984; Karato, 1989). Bauer et al., 
(2000) compare solubility of the rock ana-
logue norcamphor in water (20 °C, 0.1 MPa) 
with the solubility of quartz in water at 600 °C 
and 500 MPa, neglecting the effect of aniso-
tropic stress conditions. Solubility of camphor 
in ethanol at 70 °C is in comparable range to 
quartz in water at 800 °C and 1 GPa (Manning, 
1994) and the solubility of camphor in ethy-
lene glycol at 70 °C is similar to solubility of 
quartz in water at 500 °C and 1 GPa (Manning, 
1994). Tullis and Yund (1982) show that grain 
boundary velocity in quartz increases with 
increasing solubility of quartz in water. We
compare results of camphor–ethanol (high 
solubility) with results of camphor–ethylene 
glycol to describe the effect of the type of pore 
fluid on the microstructural processes (Figs. 
5.6-5.8). With the maximum measured grain 
boundary velocity of 1×10-6 ms-1 camphor–
ethanol shows two orders of magnitude higher 
grain boundary migration rates compared to 
camphor–ethylene glycol at equivalent expe-
rimental conditions. However, maximum fluid 
inclusion velocities were comparable in cam-
phor–ethanol and camphor–ethylene glycol for 
the same fluid inclusion size which suggests 
that solubility does not affect the fluid inclusi-
on mobility.
Fig. 5 .10. Diagrams showing grain boundary velocity vs. fluid inclusion size for (a) camphor–ethanol, (b) 
camphor–ethylene glycol, and (c) bischofite–brine. In all three systems grain boundaries do not interact 
with fluid inclusions above a certain grain boundary velocity. See text for details.
Chapter 5
89
lo
g 
flu
id
 in
cl
us
io
n 
ve
lo
ci
ty
 [m
s-
1 ]
 
lo
g 
gr
ai
n 
b
ou
nd
ar
y 
ve
lo
ci
ty
 [m
s-
1 ]
 
fluid inclusion radius [µm] 
-11
-10
-9
-8
-7
-6
-11
-10
-9
-8
-7
-6
0 10 20
lo
g 
flu
id
 in
cl
us
io
n 
ve
lo
ci
ty
 [m
s-
1 ]
 
lo
g 
gr
ai
n 
b
ou
nd
ar
y 
ve
lo
ci
ty
 [m
s-
1 ]
 
fluid inclusion radius [µm] 
-11
-10
-9
-8
-7
-6
-11
-10
-9
-8
-7
-6
0 10 20
lo
g 
flu
id
 in
cl
us
io
n 
ve
lo
ci
ty
 [m
s-
1 ]
 
lo
g 
gr
ai
n 
b
ou
nd
ar
y 
ve
lo
ci
ty
 [m
s-
1 ]
 
fluid inclusion radius [µm] 
-11
-10
-9
-8
-7
-6
-11
-10
-9
-8
-7
-6
0 10 20
all FI’s (no regime 1a)
surface diffusion
bulk diffusion
solution–precipitation
all FI’s (no regime 1a)
surface diffusion
bulk diffusion
solution–precipitation
all FI’s (no regime 1a)
surface diffusion
bulk diffusion
solution–precipitation
(a) (b) (c)
5.4.2  Wetting behavior of  
grain boundaries
As described in the results, the fluid phases in 
our samples show a considerably different wet-
ting behavior with respect to the co-existing 
solid phase. The effect of the dynamic wetting 
angle during drag and drop can be described 
comparing the two systems bischofite–brine 
and camphor–ethanol. Both samples have a 
similar solubility in the respective fluid phase 
and both are deformed and annealed at similar 
homologous temperatures (Th~0.8). The ave-
rage dynamic wetting angles, however, differ by 
10° (Figs. 5.4a and c, bischofite–brine ψ~16°, 
camphor–ethanol ψ~26°), and the ex-periments 
show that the pore fluid in bischofite samples
is much more frequently incorporated into the 
migrating grain boundary, while grain boundari-
es in camphor can deform and/or drag the pore 
fluid but never incorporate it completely. Grain 
boundaries in bischofite slow down while incor-
porating the pore fluid and redistributing it along 
the grain boundary (Fig. 5.9). As a result the pore 
fluid is mainly found along grain boundaries. 
The observed slowing down for thicker films may 
point to diffusion being rate controlling if grain 
boundary migration rates are dependent on the 
fluid film thickness (Urai et al., 1986; Watanabe
and Peach, 2002; Schenk and Urai, 2005).
Fig. 5 .11. Diagram showing fluid inclusion velocity vs. fluid inclusion size for dragged fluid inclusions in (a) 
camphor–ethanol, (b) camphor–ethylene glycol, and (c) bischofite–brine. Gray shading indicates data 
field above the critical grain boundary velocity with no grain boundary–fluid inclusion interaction. Red 
line shows limiting grain boundary velocity above which no measurements exist. Graphs show peak flu-
id inclusion velocities calculated with mobility term for (i) surface diffusion, (ii) bulk diffusion, and (iii) 
solution–precipitation. Assumed values (Table 5.2) are selected to fit the graphs as close as possible to 
the data without intersecting.
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In camphor–ethanol drag and drop of fluid in-
clusions is frequent. Fluid inclusions change 
in shape but are never fully incorporated into 
the migrating boundaries. Fluid inclusions in 
camphor–ethanol show preferential leakage, 
pointing to lateral transport of which the me-
chanism, however, is not visible in the micro-
scope (Schmatz and Urai, 2010). After long 
periods of dynamic or static recrystallization 
the majority of fluid inclusions is found in bulk 
grains and not along grain boundaries. The ef-
fect of different wetting angles may also play 
a role in quartz-H2O-CO2 systems which show 
the preferential entrapment of CO2 inclusions 
on grain boundaries and in bulk grains during 
grain boundary migration recrystallization, 
while aqueous fluids are re-distributed along 
grain boundaries (Boullier et al., 1989; Bak-
ker, 1992; Holness, 1993; Johnson and Hol-
lister, 1995; Drury and Urai, 1990). 
5.4.3  Peak fluid inclusion  
velocity
Our results show a maximum fluid inclusion 
velocity which is dependent on the fluid in-
clusion size for camphor–ethanol and bischo-
fite–brine (Fig. 5.11). In Figure 5.11 we also 
plotted the limit of measured grain boundary 
velocities – based on this it is possible that 
very small fluid inclusions could move fas-
ter (there is a grain boundary fast enough to 
drag). During drag and drop the fluid inclusi-
on velocity is proportional to its mobility and 
the drag force exerted by the migrating grain 
boundary (e.g., Svoboda and Riedel, 1992). 
We measured fluid inclusion velocities for 
fluid inclusions attached to grain boundaries 
with a wide range of velocities (10-11 – 10-6 ms-
1). The velocity of a grain boundary (driven by 
a reduction of surface energy, grain boundary 
energy, dislocation density) is given by its mo-
bility and the driving force. This may vary for 
different grain boundaries in our experiments 
even though grain growth is the dominant mi-
crostructural process during annealing.
Analyzing the velocity of an individual fluid
inclusion as a function of grain boundary mo-
bility (Raabe, 1995) and drag angle is not pos-
sible using our data. We did not measure grain 
orientations and drag angle data do not show 
systematic trends (see Appendix). Also it was 
not possible to observe individual fluid inclu-
sions with progressively increasing drag angle 
until they are dropped. However, we propose to 
interpret the maximum fluid inclusions’ veloci-
ties to represent those fluid inclusions which 
were moved by the “optimal grain boundary” 
(i.e., the grain boundaries with the highest mo-
bility and the largest driving force). If we make 
the assumption that the properties of this “op-
timal” boundary were the same for all fluid 
inclusion sizes, existing models suggest that 
the maximum fluid inclusion velocity is only 
dependent on fluid inclusion mobility. There-
fore, the large number of measurements  on 
fluid inclusion velocities (n=154, in camphor–
ethanol) for the whole range of grain boundary 
velocities allows comparison to the existing 
models for the influence of inclusion size on 
fluid inclusion mobility:
Changes in the shape of an inclusion attached 
to a grain boundary and also drag and drop can 
be accomplished by self-diffusion along the 
surface, by bulk diffusion through the lattice, 
and by solution–precipitation (Anthony and 
Cline, 1971; Chuang et al., 1979; de Meer and 
Spiers, 1999); in most studies which discuss 
drag and drop of inclusions surface diffusion is 
assumed to be rate controlling (e.g., Hsueh et 
al., 1982; Svoboda and Riedel, 1992; Petrish-
cheva and Renner, 2005).
Assuming surface diffusion to be rate control-
ling the mobility of the fluid inclusion is given 
by
	  
MFI (s ) = A(
1
r 4
) ,with 	  A  (
	  
A = ΩDs2πkT
 , Table 5.2), 
being a material and temperature dependent 
constant. In case of bulk diffusion being rate 
controlling the mobility term is
	  
MFI (b ) = B(
1
r 3
) , with material and temperature de-
pendent constant 	  B  (
	  
B = ΩDb2πkT
, Table 5.2). 
Mobility of inclusions migrating by solution–
precipitation is 
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MFI (sp ) = C(
1
r 2
) , where 	  C  (
	  
C = ΔpΩ
2
(2π ) 12 (kT )32
,Chuang 
et al., 1979, Table 5.2) is the material, pressu-
re and temperature dependent constant.
We plotted these three functions in each of the 
graphs of (Fig. 5.11a, Table 5.2), choosing rea-
sonable values and adjusting the parameter A, 
B and C so that the lines were as close as pos-
sible to the maximum fluid inclusion velocity.
Although this is not a well defined best-fitting 
procedure, the maximum fluid inclusion velo-
city trend seems to be best explained by bulk 
diffusion being rate controlling for camphor–
ethanol and bischofite–brine. 
Obviously, parallel operation of all three pro-
cesses is possible (Chuang et al., 1979) bu-
tour data are not sufficient to test this hypo-
thesis. The bulk diffusion model for camphor 
is supported when comparing camphor–etha-
nol with camphor–ethylene glycol. Despite 
the large difference in solubility, both systems 
show the same range of maximum fluid inclu-
sion velocities which is explained by diffusion 
through the lattice. Results of camphor–ethy-
lene glycol are not sufficient to distinguish 
between dominant mechanisms (Fig. 5.11b, 
Table 5.2), but, results in bischofite–brine 
(Fig. 5.11c, Table 5.2) show a similar trend as 
results in camphor–ethanol (except for a lack 
of data for large fluid inclusions) and thus 
support the bulk diffusion model.
Table 5.2. Symbols, units and assumed values for mass transfer models. 
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5.4.4 Mobility ratio
Early models (e.g., Brook, 1969) discuss the 
effect of the boundary-inclusion mobility ra-
tio on the recrystallized grain size. They show 
that the microstructure is controlled by the 
grain boundary mobility for a mobility ratio 
of 
	  
MFI / (N *MGB ) ≥ 1. Results for camphor-
ethanol with highly mobile fluid inclusions 
support their considerations as grain bound-
ary velocity is relatively stable during drag 
and drop (Fig. 5.7). However, it is necessary 
to distinguish between boundary-controlled
textures with andwithout interaction of flu-
id inclusions and grain boundaries for grain 
boundaries above the critical grain boundary 
velocity. Firstly, because a pronounced che-
mical exchange of inclusion fluids with grain 
boundary fluids is expected for long dwell 
periods which may influence e.g., filling tem-
peratures. Secondly, because passing without 
interacting leads to an intragranular porosity, 
whereas interaction leads to intergranular po-
rosity (Fig. 5.12).
a b c
200 µm400 µm600 µm
Fig. 5 .12. Examples of annealed textures in (a) camphor–ethanol, (b) camphor–ethylene glycol, and (c) bi-
schofite– brine. In (a) fluid inclusions are mainly found in bulk grains, only a few rest along grain bound-
aries. In (b) fluid inclusions are found in bulk grains and also at grain boundaries. In (c) besides areas 
with fluid inclusions large fluid free areas a visible. See text for discussion.
5.5 CONCLUSIONS
In agreement with theory, the three model 
systems with different wetting angles and so-
lubilities show strongly different interactions 
of fluid inclusions and mobile grain bounda-
ries, such as fluid inclusions can act either as 
immobile phase slowing down grain bounda-
ry migration by Zener pining, as mobile phase 
which is dragged and dropped by the migra-
ting grain boundary. Fluids from inclusions 
were also be incorporated into and redistribu-
ted along the grain boundary. 
In all three systems, fluid inclusion velocities 
fall in a comparable range, suggesting that so-
lubility has no strong effect on fluid inclusion 
mobility in these experiments. However, the
dynamic wetting angle has a strong influence 
on the types of interaction. For a low wetting 
angle in bischofite-brine the fluid redistribu-
tion and incorporation of fluid into the grain 
boundaries is much more prominent than in 
the other systems with higher dynamic wetting 
angle.
In all three systems the maximum possible 
velocity of a fluid inclusion being dragged by 
a moving grain boundary is dependent on the 
fluid inclusion size. We interpret this to reflect 
the fluid inclusion mobility, and compare the 
trend with theoretical models which suggest 
that for all three systems the rate limiting pro-
cess is bulk diffusion and not surface diffusion
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or solution-precipitation.
Application of our  results to natural systems 
depends on the rate limiting process in the-
se. However our results suggest that there are 
clear differences between systems with diffe-
rent solubilities and wetting angles in natural 
tectonites. 
Fluid inclusion velocity is dependent fluid in-
clusion mobility, which is – according to our 
experimental measurements – inclusion size 
dependent. The analysis allowed prediction 
of the rate-limiting processes. Even though 
surface diffusion, bulk diffusion and solution-
precipitation can operate parallel, our results 
suggest that bulk diffusion is rate limiting fac-
tor.
 5.6 ACKNOWLEDGEMENTS
We thank F.-D. Scherberich for constructing 
the deformation cell. P.D. Bons and J.K Be-
cker are acknowledged for inspiring discus-
sions on our experiments. M. Jessell and an 
anonymous reviewer are acknowledged for 
thorough reviews. The project was funded by 
the German Science Foundation (DFG, UR 64 
⁄ 8-1) and was part of the European Science 
Foundation (ESF)-funded the collaborative re-
search project EuroMinSci.
5.7 REFERENCES
Anthony, T. R. & Cline, H. E., 1971. Thermal Migration of 
Liquid Droplets through Solids. Journal of Applied 
Physics, 42(9), 3380-3388.
Austin, N. J. & Evans, B., 2007. Paleowattmeters: A 
scaling relation for dynamically recrystallized grain 
size. Geology, 35(4), 343-346.
Bakker, R. J., 1992. On modifications of fluid inclusions 
in quartz. Re-equillibration experiments and ther-
modynamic calculations on fluids in natural quartz, 
Rijksuniversiteit Utrecht.
Bauer, P., Palm, S. & Handy, M. R., 2000. Strain locali-
zation and fluid pathways in mylonite: inferences 
from in situ deformation of a water-bearing quartz 
analogue (norcamphor). Tectonophysics, 320(2), 
141-165.
Becker, J. K., Bons, P. D. & Jessell, M. W., 2008. A new 
front-tracking method to model anisotropic grain 
and phase boundary motion in rocks. Computers & 
Geosciences, 34(3), 201-212.
Bons, P. D., 1993. Experimental Deformation of Polypha-
se Rock Analogues. Unpub. PhD Thesis, Rijksuniver-
siteit Utrecht.
Bons, P. D. & Urai, J. L., 1992. Syndeformational Grain-
Growth - Microstructures and Kinetics. Journal of 
Structural Geology, 14(8-9), 1101-1109.
Boullier, A. M., 1999. Fluid inclusions: tectonic indica-
tors. Journal of Structural Geology, 21(8-9), 1229-
1235.
Boullier, A. M., Michot, G., Pecher, A. & Barrés, O., 1989. 
Diffusion and/or plastic deformation around fluid in-
clusions in synthetic quartz: new investigations. In: 
Fluid Movements - Element Transport and the Com-
position of the Deep Crust (ed Bridgwater, D.) NATO 
ASI Kluwer Academic, pp. 345-360, Dordrecht.
Brodhag, S. H. & Herwegh, M., 2010. The effect of diffe-
rent second-phase particle regimes on grain growth 
in two-phase aggregates: insights from in situ rock 
analogue experiments. Contributions to Mineralogy 
and Petrology, 160(2), 219-238.
Brook, R. J., 1969. Pore-Grain Boundary Interactions and 
Grain Growth. Journal of the American Ceramic Soci-
ety, 52(1), 56-&.
Chuang, T.-J., Kagawa, K. I., Rice, J. R. & Sills, L. B., 1979. 
: Non-equilibrium models for diffusive cavitation of 
94
Wetting angle and fluid inclusion velocity
grain interfaces. Acta Metallurgica 27(3), 265-284.
De Meer, S. & Spiers, C. J., 1999. Influence of pore fluid 
salinity on pressure solution creep in gypsum. Tec-
tonophysics, 308, 311-330.
Drury, M. R. & Urai, J. L., 1990. Deformation-Related Rec-
rystallization Processes. Tectonophysics, 172(3-4), 
235-253.
Fitz Gerald, J. D., Mancktelow, N. S., Pennacchioni, G. & 
Kunze, K., 2006. Ultrafine-grained quartz mylonites 
from high-grade shear zones: Evidence for strong 
dry middle to lower crust (vol, 34, pg 369, 2006). 
Geology, 34(8), 704-704.
Gottstein, G. & Shvindlerman, L. S., 1993. Theory of 
grain boundary motion in the presence of mobi-
le particles. Acta Metallurgica Materialia, 41(11), 
3267-3275.
Gratier, J. P. & Jenatton, L., 1984. Deformation by soluti-
on-deposition, and re-equilibration of fluid inclusi-
ons in crysatls depending on temperature, internal 
pressure and stress. Journal of Structural Geology, 
6(1), 189-200.
Herwegh, M. & Berger, A., 2004. Deformation mecha-
nisms in second-phase affected microstructures 
and their energy balance. Journal of Structural Geo-
logy, 26(8), 1483-1498.
Herwegh, M. & Kunze, K., 2002. The influence of nano-
scale second-phase particles on deformation of fine 
grained calcite mylonites. Journal of Structural Geo-
logy, 24(9), 1463-1478.
Hickman, S. H. & Evans, B., 1991. Experimental pressu-
re solution in halite: the effect of grain/interphase 
boundary structure. Journal of the Geological Socie-
ty London, 148, 549-560.
Holness, M. B., 1993. Temperature and Pressure-De-
pendence of Quartz Aqueous Fluid Dihedral Angles 
- the Control of Adsorbed H2o on the Permeability 
of Quartzites. Earth and Planetary Science Letters, 
117(3-4), 363-377.
Hsueh, C. H., Evans, A. G. & Coble, R. L., 1982. Mi-
crostructure Development during Final Intermediate 
Stage Sintering .1. Pore Grain-Boundary Separation. 
Acta Metallurgica, 30(7), 1269-1279.
Humphreys, F. J. & Hatherly, M., 1996. Recrystallization 
and related annealing phenomena. Pergamon.
Jessell, M. W., Kostenko, O. & Jamtveit, B., 2003. The 
preservation potential of microstructures during 
static grain growth. Journal of Metamorphic Geolo-
gy, 21(5), 481-491.
Johnson, E. L. & Hollister, L. S., 1995. Syndeformational 
Fluid Trapping in Quartz - Determining the Pressure-
Temperature Conditions of Deformation from Fluid 
Inclusions and the Formation of Pure Co2 Fluid In-
clusions during Grain-Boundary Migration. Journal 
of Metamorphic Geology, 13(2), 239-249.
Karato, S.-J., 1989. Grain growth kinetics in olivine ag-
gregates. Tectonophysics, 168, 255-273.
Kerrich, R., 1976. Some effects of tectonic recrystallizati-
on on fluid inclusions in quartz veins. Contributions 
to Mineralogy and Petrology, 59, 192-202.
Kronenberg, A. K. & Tullis, J., 1984. Flow strengths of 
quartz aggregates: grain size and pressure effects 
due to hydrolytic weakening. Journal of Geophysical 
Research, 89(B6), 4281-4297.
Means, W. D., 1989. Synkinematic Microscopy of Trans-
parent Polycrystals. Journal of Structural Geology, 
11(1-2), 163-174.
Olgaard, D. L. & Evans, B., 1986. Effect of 2nd-Phase 
Particles on Grain-Growth in Calcite. Journal of the 
American Ceramic Society, 69(11), C272-C277.
Olgaard, D. L. & Evans, B., 1988. Grain-Growth in Syn-
thetic Marbles with Added Mica and Water. Contri-
butions to Mineralogy and Petrology, 100(2), 246-
260.
Petrishcheva, E. & Renner, J., 2005. Two-dimensional 
analysis of pore drag and drop. Acta Materialia, 
53(9), 2793-2803.
Chapter 5
95
Post, A. & Tullis, J., 1998. The rate of water penetration 
in experimentally deformed quartzite, implications 
for hydrolytic weakening. Tectonophysics, 295(1-2), 
117-137.
Raabe, D., 1995. On the orientation dependence of sta-
tic recovery in low-carbon steels. Scripta Metallurgi-
ca et Materialia, 33(5), 735-740.
Renner, J., Evans, B. & Hirth, G., 2002. Grain growth and 
inclusion formation in partially molten carbonate 
rocks. Contributions to Mineralogy and Petrology, 
142(5), 501.
Rutter, E. H., 1976. Kinetics of Rock Deformation by Pres-
sure Solution. Philosophical Transactions of the Roy-
al Society of London Series a-Mathematical Physical 
and Engineering Sciences, 283(1312), 203-219.
Rutter, E. H., 1976. The kinetics of rock deformation by 
pressure solution. Philosophical transactions of the 
Royal Society London, A283, 203-219.
Schenk, O. & Urai, J. L., 2004. Microstructural evolution 
and grain boundary structure during static recrystal-
lization in synthetic polycrystals of Sodium Chloride 
containing saturated brine. Contributions to Minera-
logy and Petrology, 146(6), 671-682.
Schenk, O. & Urai, J. L., 2005. The migration of fluid-
filled grain boundaries in recrystallizing synthetic 
bischofite: first results of in-situ high-pressure, 
high-temperature deformation experiments in trans-
mitted light. Journal of Metamorphic Geology, 23(8), 
695-709.
Schleder, Z. & Urai, J. L., 2007. Deformation and rec-
rystallization mechanisms in mylonitic shear zones 
in naturally deformed extrusive Eocene-Oligocene 
rocksalt from Eyvanekey plateau and Garmsar hills 
(Central Iran). Journal of Structural Geology, 29(2), 
241-255.
Schmatz, J. & Urai, J. L., 2010. The interaction of fluid 
inclusions and migrating grain boundaries in a rock 
analogue: deformation and annealing of polycrys-
talline camphor-ethanol mixtures. Journal of Meta-
morphic Geology, 28(1), 1-18.
Schoenherr, L., Urai, L. L., Kukla, P. A., Littke, R., Schle-
der, Z., Larroque, J. M., Newall, M. J., Al-Abry, N., 
Al-Siyabi, H. A. & Rawahi, Z., 2007. Limits to the 
sealing capacity of rock salt: A case study of the 
infra-Cambrian Ara Salt from the South Oman salt 
basin. Aapg Bulletin, 91(11), 1541-1557.
Smith, C. S., 1948. Grains, Phases, and Interfaces - an 
Interpretation of Microstructure. Transactions of the 
American Institute of Mining and Metallurgical Engi-
neers, 175, 15-51.
Spiers, C. J. & Schutjens, P., 1990. Densification of crys-
talline aggregates by fluid-phase diffusional creep. 
In: Deformation processes in minerals, ceramics 
and rocks (eds Barber, D. J. & Meredith, P. D.), pp. 
334-353, Unwin Hyman.
Spiers, C. J., Urai, J., Lister, G. S., Boland, J. N. & Zwart, 
H. J., 1986. The influence of fluid-rock interaction on 
the rheology of salt rock and on ionic transport in 
the salt, pp. 132, University of Utrecht.
Svoboda, J. & Riedel, H., 1992. Pore-Boundary Interac-
tions and Evolution-Equations for the Porosity and 
the Grain-Size during Sintering. Acta Metallurgica Et 
Materialia, 40(11), 2829-2840.
Ter Heege, J. H., De Bresser, J. H. P. & Spiers, C. J., 2005. 
Dynamic recrystallization of wet synthetic polycrys-
talline halite: dependence of grain size distribution 
on flow stress, temperature and strain. Tectonophy-
sics, 396(1-2), 35.
Tullis, J. & Yund, R. A., 1982. Grain-Growth Kinetics of 
Quartz and Calcite Aggregates. Journal of Geology, 
90(3), 301-318.
Twiss, R. J., 1977. Theory and Applicability of a Recrys-
tallized Grain-Size Paleopiezometer. Pure and Ap-
plied Geophysics, 115(1-2), 227-244.
Urai, J. L., 1983. Water assisted dynamic recrystallizati-
on and weakening in polycrystalline bischofite. Tec-
tonophysics, 96(1-2), 125-157.
Urai, J. L., 1987. Development of Microstructure during 
Deformation of Carnallite and Bischofite in Trans-
96
Wetting angle and fluid inclusion velocity
mitted Light. Tectonophysics, 135(1-3), 251-263.
Urai, J. L. & Humphreys, F. J., 1981. The Development of 
Shear Zones in Polycrystalline Camphor. Tectono-
physics, 78(1-4), 677-685.
Urai, J. L., Spiers, C. J., Zwart, H. J. & Lister, G. S., 1986. 
Weakening of rock salt by water during long-term 
creep. Nature, 324(6097), 554-557.
Walte, N. P., Bons, P. D. & Passchier, C. W., 2005. Defor-
mation of melt-bearing systems - insight from in situ 
grain-scale analogue experiments. Journal of Struc-
tural Geology, 27(9), 1666-1679.
Walte, N. P., Bons, P. D., Passchier, C. W. & Koehn, D., 
2003. Disequilibrium melt distribution during static 
recrystallization. Geology, 31(11), 1009-1012.
Watanabe, T. & Peach, C. J., 2002. Electrical impedance 
measurement of plastically deforming halite rocks 
at 125 degrees C and 50 MPa. Journal of Geophysi-
cal Research, 107(B1), 2-1-2-12.
Watson, E. B. & Brenan, J. M., 1987. Fluids in the Lithos-
phere .1. Experimentally-Determined Wetting Cha-
racteristics of Co2-H2o Fluids and Their Implications 
for Fluid Transport, Host-Rock Physical-Properties, 
and Fluid Inclusion Formation. Earth and Planetary 
Science Letters, 85(4), 497-515.
5.8 APPENDIX
5.8.1 Size
Fluid inclusion size is measured by focusing 
onto the center of the inclusion. As fluid in-
clusions move up or down in the sample the 
measurements may contain an error. Schmatz 
and Urai (2010) tested this measuring the size 
of an inclusion in different levels. They found 
the maximum uncertainty in measurement to 
be 4% for the radius of a fluid inclusion. 
5.8.2 Wetting angle
We calculate the dynamic wetting angle from 
the fitted ellipse to the outlined fluid inclusi-
on which is also used to determine the size of 
the fluid inclusion. Accordingly, the uncertain-
ty in measurement for the fluid inclusion radi-
us also accounts for the wetting angle. With 
upper and lower approximation of the ellipse’ 
axes length the uncertainty is ±8 %. To deter-
mine the error in measurement we compare 
measurements undertaken directly on image 
captures with calculated values from the best-
fit ellipse for 25 fluid inclusions in camphor–
ethanol (Fig. 5.13). The maximum differences 
for calculated and measured values are 4° and 
-3° (measured wetting angle minus calculated 
wetting angle) with no trend to over- or
underestimate the dynamic wetting angle and 
no size depended inaccuracy (Fig. 5.14). Ad-
ditional small inaccuracies resulting from 3D 
effects cannot be excluded.
5.8.3 Drag angle
As illustrated in Figure 5.5 drag angle measure-
ments show a high variability. We find no corre-
lation of drag angle and fluid inclusion velocity 
(Fig. 5.15) as predicted by basic theory. At least 
two important features influence our drag ang-
le measurements: Firstly, feedback processes 
for closely spaced fluid inclusions may affect 
the drag angle (Fig. 5.16a). Secondly, we do 
not expect the grain boundaries to be perfectly 
planar. Measurements, however, are only un-
dertaken in two-dimensional sections parallel 
to the cover glass. Drag angle variations in the 
third dimension influencing the fluid inclusion 
velocity cannot be excluded (Fig. 5.16b).
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Fig. 5 .13. Images showing measuring procedure of the dynamic wetting angle, with (a) the accurate mea-
surement directly from the image, (b) the interpreted fluid inclusion with grain boundary, and (c) the 
calculated wetting angle from the best-fit ellipse using Image SXM 1.89.
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Fig. 5 .14. Diagrams showing (a) the calculated wetting angle vs. the measured wetting angle and (b) the 
difference of measured and calculated wetting angle vs. the fluid inclusion radius. 
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Fig. 5 .15. Diagram showing calcu-
lated drag angles (Fig. 5.3b) 
vs. the fluid inclusion velo-
city for four fluid inclusion 
size classes.
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Fig. 5 .16. Sketches showing that variations of the calculated (or measured) drag angle result from (a) the 
spacing of fluid inclusions arrays attached to grain boundaries and (b) from 3D effects along non-planar 
grain boundaries.
5.8.4 Velocities
To determine the uncertainty in measurement 
for the grain boundary velocity we repeat the 
measurement on grain boundary velocity 30 
times for a fast grain boundary, a medium fast 
grain boundary and a slow grain boundary 
(Table 5.3). The covered distance measured 
along orthogonal trajectories gives the grain 
boundary velocity. The maximum uncertainty 
in measurement is found for the medium fast 
grain boundary with 11%.
We calculate the fluid inclusion velocity from 
the covered distance of the center of gravity 
of the fitted ellipse in a certain time step. The
uncertainty in measurement is ±8%, determi-
ned from the accumulated error of the fluid 
inclusion radius. 
For both, grain boundary and fluid inclusion 
velocity we use displacement not distance. 
This method bears an increasing uncertainty 
with the increasing time step. However, for 
most measurements, we have a number of 
image captures in between the images used 
for measurements, from which we can exclu-
de large variations in velocity during grain 
growth.
Table 5.3. Measurements on grain boundary velocity.
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Grain growth in presence of mobile second  
phase particles – a microstructural simulation  
using elle
6.1 INTRODUCTION
Grain growth is a common process in polycrys-
talline materials, usually associated with late 
stage sintering or static recrystallization (e.g., 
Evans et al., 2001; Gottstein, 2004; Humphreys 
and Hatherly, 2004). Evans et al. (2001) give a 
list of parameters affecting grain growth, such 
as solute and impurity chemistry, pore size and 
number, pore fluid chemistry or the presence 
of melts. Also small second-phase particles, 
such as precipitates and insoluble inclusions, 
exert a strong pinning effect on grain bound-
aries, also called Zener pinning, which is de-
pendent on the number of particles per unit 
volume (e.g., Humphreys and Hatherly, 2004; 
Herwegh et al., 2005; Moleans, 2005). Partic-
les and other second phases affect the mobili-
ty of grain boundaries and show the ability to 
inhibit grain growth (Hazzeldine, 1990).
In chapters 4 and 5 it was shown that mobile 
fluid inclusions also may considerably affect 
grain boundary mobility and recrystallized tex-
ture and that grain boundary – fluid inclusion 
interaction is dependent on both grain bound-
ary mobility and fluid inclusion mobility. The 
mobility of a fluid inclusion is dependent on its 
size and the controlling diffusion mechanism 
(compare chapter 5). Mass transfer processes 
enable morphology changes, such as necking 
or breakup of large inclusions into arrays of 
smaller inclusions. Infinitesimal changes at 
both the fluid inclusion surface
and the grain boundary surface and corres-
ponding variations of forces increase the com-
plexity to derivate state equations seriously. 
As well solid particles have a mobility which is 
dependent on mass transfer processes  (e.g., 
Gottstein and Shvindlerman, 1993 and refe-
rences therein). However, in general it is as-
sumed that size and shape of a solid particle 
stay constant during drag and drop.
The analogue experiments presented in chap-
ters 4 and 5 are very valuable to characterize 
the effect of a mobile second phase on the 
evolution of microstructure, however, typically 
they are limited in space and time. A numerical 
model is useful to apply empirically derived 
results to larger scales. In order to approach a 
numerical description of the complex interac-
tion of mobile fluid inclusions with migrating 
grain boundaries, solid particles are used to 
simulate grain growth in presence of a mobi-
le second phase, building on the model pre-
sented by Bons (1993). Simulations presen-
ted here were designed to show the effect of 
particle mobility at constant particle fractions 
during grain growth to compare the numerical 
models with studies that describe the effect of 
the particle fraction on the recrystallized grain 
size (e.g., Herwegh et al., 2005). The model 
is based on the grain growth module elle_gg 
from the open source microstructural simula-
tion platform elle (Bons et al., 2007).
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6.2 PHYSICAL BACKGROUND
6.2.1 Grain boundary velocity
“Basically, there is always a driving force for 
grain growth on a grain boundary if Gibbs free 
energy of a grain is reduced during motion 
of the boundary. The driving force for grain 
growth results from the boundaries themsel-
ves as the total grain boundary area of the 
polycrystalline aggregate is reduced in this 
process. However, the force on an arbitrary 
grain boundary area element can treated to 
be independent from the energetic conditions 
of the whole system. Therefore, the infinite-
simal driving force can be derived from the 
curvature of the boundary which results from 
establishment of mechanical equilibrium at 
grain boundary junction.” (Gottstein, 2004). 
The velocity of a grain boundary element is 
given by 
	  
vGB = mGB * Δf   (6.1),
with grain boundary mobility 
	  
mGB  and the 
total driving force for grain growth 
	  
Δf . In the 
presence of second phase particles the total 
driving force is described by
	  
Δf = f − fz    (6.2),
with 
	  
f  being the driving force derived from 
the boundary curvature and 
	  
fz  being the re-
tarding force (also Zener force) exerted by the 
particle on the attached grain boundary ele-
ment.
The velocity of the particle is given by
	  
vP = mP * fZ    (6.3),
with the size dependent mobility of the par-
ticle 
	  
mP  (e.g., Gottstein and Shvindlerman, 
1993). In the simplified case of only one par-
ticle being attached to a grain boundary the 
coupled velocity of a particle loaded grain 
boundary is given by (Gottstein and Shvind-
lerman, 1993)
	  
v = Δf *mGB( ) / 1 + mGB / mP( )  (6.4).
For a certain critical force 
	  
f
Z
the grain bounda-
ry detaches from the particle (e.g., Humphreys 
and Hatherly, 2004). The concept introduced 
by Zener describes that grain growth will cease 
for (Smith, 1948)
	  
f = f
Z
    (6.5).
6.2.2 Growth rate
Grain growth is proportional to the curvature of 
grains (with grain size 	  D and curvature 	  1 / D ): 
	  dD / dt ≈ 1 / D   (6.6).
For a polycrystalline material the grain size at a 
certain time t can be related to the initial grain 
size at starting time t0 according to the equa-
tion
	  
Dtn − Dt0
n = k * (t − t0 )  (6.7),
with 	  n  being a numerical constant (usually 	  n  
> 2, Humphreys and Hatherly, 2004).
However, grain growth involves the migrati-
on of high angle grain boundaries and the 
kinematics is influenced by the temperature 
dependent grain boundary mobility. 	  k  is the 
material and temperature dependent constant 
given by 
	  
k = k0 exp −Q / RT( )   (6.8),
where 
	  
Q  is the activation energy, 	  T  the tem-
perature, and 	  R  the universal gas constant.
Hence grain growth can be described by (Hum-
phreys and Hatherly, 2004)
	  
Dtn − Dt0
n = k0 exp −Q / RT( )* (t − t0 ) (6.9). 
.
For grain growth in presence of second phase 
particles it has been shown that the particle 
fraction has a major effect on the recrystallized 
grain size (e.g., Brodhag and Herwegh, 2010). 
The relation to the recrystallized grain size is 
given by
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Dt = c * (d / N )   (6.10),
with a material dependent constant 	  c , the 
particle size 
	  
d , and the number of particles 
per unit volume 	  N .
6.3 METHODS
elle_gg
Grain growth (elle_gg) is a boundary model, 
in which nodes, connected by boundary seg-
ments, typically describe a grain boundary 
(Bons et al., 2007). In elle_gg, grain boundary 
energy and node movement vectors are depen-
dent solely on the length and curvature of the 
grain boundary. More details on the approxi-
mation of this code can be found in Bons et al. 
(2007).
elle_pin
In the new module elle_pin (Appendix B - DVD) 
the grain growth code elle_gg was modified by 
adding u-nodes with certain attributes which 
represent the particles. In addition to 
	  
xy -po-
sition one u-node attribute is size. The u-node 
size gives the mobility of the particle e.g., for 
surface diffusion being rate controlling (Chu-
ang et al., 1979). The mobility term is strongly 
influenced by the particle size, irrespectively 
of the rate controlling mass transfer process 
(Gottstein and Shvindlerman, 1993).
Grain boundaries in elle are defined by b-nodes 
(boundary nodes) and interaction of a b-node 
with an u-node could generally only be indu-
ced in case both nodes have exactly the same 
	  
xy -position and “know” of each other (Bons, 
1993). Defining an area of interest around a 
b-node in which the b-node “recognizes” the 
particle solved this in the modified version of 
the code. In case a u-node is in this area of in-
terest the b-node is attributed “pinned” and 
also adopts the u-nodes’ 
	  
xy -position. Both 
nodes move together with the velocity being de-
pendent on the sum of forces of grain boundary 
curvature and drag fo rce exerted by the partic-
le (Fig. 6.1). A u-node can only be attached to 
a single b-node. In case another b-node is in 
the area of interest it is deleted. A critical drag 
force under which the b-node detaches from 
the particle has to be defined.
In eight si mulations only the mobility (size) of 
the particles is varied. The same starting geo-
metry and the distribution of the equally sized 
particles is not varied, and 50000 time steps 
were simulated (Fig. 6.2, time step is 3.5×105 
s). The size dependent particle mobility ( ) was 
incrementally increased from 5×10-8 - 5×10-3 
(mobility in m s-1 Pa-1) by a factor of ten with 
higher resolution in between 5×10-7 - 5×10-5 
m s-1 Pa-1. The critical drag force, at which the 
grain boundary node detaches from the par-
ticle, is by default 0.25 (equals critical drag 
angle of 38°, e.g., Hsueh et al., 1982; chap-
ters 4 and 5).
6.4 RESULTS
Simulations with highly mobile particles (
	  
mP  
= 5 × 10-3  m s-1 Pa-1and 
	  
mP  = 5 × 10-4 m s-1 
Pa-1) show a constant growth rate. Simulati-
ons with particles characterized by reduced 
mobility show a trend of decreasing growth 
rate with increasing recrystallization time (Fig. 
6.3). However the stabilization of grain size 
as described e.g., by Herwegh et al. (2005) 
cannot fully be recognized from the present 
data-set.
The grain size evolution with respect to the 
particle mobility is non-monotonous. The ave-
rage recrystallized grain size does not decrea-
se with decreasing particle mobility as simu-
lations with particle mobility of   = 5 × 10-6  m 
s-1 Pa-1 show that grain size evolution begins 
to stabilize at a larger average grain size com-
pared to simulations results using a particle 
mobility of 
	  
mP  = 5 × 10-7 m s-1 Pa-1.
As the particle fraction was kept constant in 
all simulations the grain growth rate can be 
derived by 
	  
 
dt = kt
1
n    (6.11)
with 	  k  being a material dependent constant
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Fig. 6 .1. Sketch showing pinning-routine in elle_pin for mobility ratio m 
with (a) curvature driven b-node movement, (b) a u-node “particle” 
in the defined area of interest around the b-node, (c) b-node placed 
on u-node xy-position, (d) coupled mov ement with development of 
critical drag angle (drag force), and (e) detachment of the b-node, 
followed by curvature driven b-node movement.
(a)
(b)
(c)
(d)
(e)
b-nodes
u-node
area of interest
critical drag angle
and 	  n  being the grain growth exponent. The 
non-monotonous relation between 	  n  and 
particle mobility is shown in Figure 4. The 
average mobility ratio of particles and grain-
boundaries during drag is listed in Table 6.1, 
with a linear increase from low to high par-
ticle mobility.
In order to show the effect of particle mobility-
on grain size distribution probability density
functions at t=10000 are displayed in Figure 
5 (Table 6.2). The grain size distribution for si-
mulations with particle mobility of1×10-6 m s-1 
Pa-1 is narrowest and the distribution for partic-
le mobility of 5×10-4 m s-1 Pa-1 is widest.
N.B.: The model geometry does not allow later 
stage analysis of grain size distribution as the 
number of grains in the unit area lies below
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a
cb d
t = 0
t = 10000
t = 50000
t = 10000 t = 10000
t = 50000t = 50000
t = 20000 t = 20000t = 20000
particle mobility is 5x10-3 particle mobility is 5x10-6 particle mobility is 5x10-8
Fig. 6 .2. Simulation results for selected time steps with (a) starting geometry, (b) particle mobility 5 × 10-3 m 
s-1 Pa-1, (c) particle mobility 5 × 10-6  m s-1 Pa-1, and (d) particle mobility 5 × 10-8  m s-1 Pa-1. 
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Fig. 6 .3. Diagrams showing average grain size vs. time for different particle mobilities (unit: m s-1 Pa-1).
statistical limits.
Drag and drop interactions of grain boundaries 
and fluid inclusions are prominent inmodels 
with high particle mobilities (5×10-3 - 5×10-5 
m s-1 Pa-1) resulting in a pronounced redistri-
bution of particles. For lower mobilities
(< 5×10-5 m s-1 Pa-1) grain boundaries with high 
velocities pass particles without noticeable 
interaction while grain boundaries with lower 
velocities are pinned (compare with movies in 
Appendix B – DVD)
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Fig. 6 .4. Diagram showing evolution of grain growth exponent n with increasing particle mobility.
Fig. 6 .5. Diagram showing probability density functions for grain size distribution at time step t=10000 for 
different particle mobilities (unit: m s-1 Pa-1).
6.5 DISCUSSION
The effect of second phase particles on the rec-
rystallized grain size can be evaluated relating 
the mobility ratio and the force ratio of grain 
boundary and particle (Brook, 1969). As the 
particle fraction is constant in all simulations 
the grain size evolution can be described as a
function of i) the mobility ratio of grain bound-
aries and particles and ii) the effective driving 
force. According to theory the recrystallized 
texture is boundary controlled with a mobility 
ratio of 
	  
mP / mGB > 1  and particle controlled 
with a mobility ratio of 
	  
mP / mGB < 1
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Table 6.1. Mobility ratio mp/mgb.
Table 6.2. Grain size distr ibution at t=10000
(Brook, 1969; chapter 5). Constant grain 
growth rates for high particle mobilities and a 
mobility ratio 
	  
mP / mGB > 1  (Table 6.1) point to 
a minor effect of particles on the recrystallized 
grain size, which fully supports the analytical 
model by Brook (1969). 
For mobility ratios 
	  
mP / mGB < 1  there is a 
clear effect of particles on the growth rate, as 
simulations with lower mobile particles show 
a trend to decrease the growth rate with incre-
asing recrystallization time (Fig. 6.3). Unfor-
tunately, the typical grain size evolution of a 
two-phase system with a constant growth rate 
which evolves to a stabilized grain size (e.g., 
Herwegh et al., 2005) cannot fully be recog-
nized from the present data-set. However, 
the non-monotonous evolution of the grain 
growth exponent 	  n  with particle mobility 
shows that the effect on grain size cannot so-
lely be explained by the mobility ratio of grain 
boundary and particle. 
Assuming small average grain size with a nar-
row distribution being related to a large Ze-
ner pinning effect (Humphreys and Hatherly, 
2004), the results show that this effect is lar-
gest for 
	  
mP / mGB = 0.026 , and again decreases 
for decreasing 
	  
mP / mGB . This numerical result 
is caused by the fact that grain boundary no-
des and particle nodes move together while 
the grain boundary node is pinned. For high-
er particle mobilities the development of the 
critical drag force at which the grain boundary 
detaches takes much longer than for very low 
mobilities. Hence, grain boundary migration 
is retarded for longer time periods in presence 
of higher mobile particles. This increases the 
Zener pinning effect in the model. For very low 
particle mobilities, the development of the cri-
tical drag force is fast and the grain boundary 
moves at its curvature driven velocity without 
retarding force, which decreases the Zener pin-
ning effect.
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Several studies dealing with pinning effectson 
the recrystallized texture focus on the Zener 
parameter, which is given by the particle size 
divided by the particle fraction (e.g., Moleans, 
2005; Brodhag and Herwegh, 2010) and show 
a monotonously enhanced pinning effect with 
increasing particle fraction. This study shows 
that, at least in a numerical approach, the 
dwelling times for grain boundaries at particles 
should be taken into account to fully describe 
the effect of particle size and fraction on grain 
growth.
Similar to the analogue experiments descri-
bed in chapter 4 and 5 various interactions 
of grain boundaries and particles occur in the 
numerical model. Highly mobile particles can 
be dragged for long distances. Drag and drop 
of particles occurs and also that high velocity 
grain boundaries pass particles without inter-
action. At first view the simulations are similar 
to the experimental models with respect to the 
particle size dependent behavoir.
6.6 OUTLOOK
The model itself is a quite simple approach to 
simulate grain growth in presence of mobile 
particles. Accuracy, advantages and disadvan-
tages of the grain growth application elle_gg 
are described and discussed in Bons et al. 
(2007). 
In order to validate the presented results simu-
lations with the same particle mobilities but 
varying particle fractions should be studied. 
Also the number of time steps should be incre-
ased in order to be able to describe whether 
the grain size stabilizes for certain particle mo-
bilities. Furthermore, defined variables such 
as the critical drag force should be varied.
Initially the code elle_pin was developed as 
modeling approach to analyze the interaction 
of fluid inclusions with migrating grain bound-
aries. Such kind of model would first require 
knowledge of properties and behaviour of 
grain boundaries which would include e.g., a
description of the velocity magnitudeand 
direction of a migrating grain boundary in 
terms of the grain boundary morphology (e.g., 
curvature), the grain boundaries’ chemical 
and physical properties (fluid content, trace 
element content, width, etc.), the properties 
of the phases on either side of the boundary 
(mineral type, lattice orientation), the defor-
mation state of these phases (e.g., dislocation 
density) and the boundary conditions or ext-
rinsic variables (stress state, pressure, tempe-
rature). Secondly, the model should account 
for the second phase’s chemical and physical 
properties, such as solubility, diffusivity, and 
viscosity. A description of the interaction of 
grain boundaries with a mobile, liquid second 
phase would additionally require a descripti-
on of the second phase’s morphology chan-
ges in terms of interfacial energies and the 
rate controlling mass transfer processes.
In growth_ pin the mobile second phase is 
made up of u-nodes th   at can be provided 
with certain attributes. This approach of mo-
delling second phase fluid inclusions is li-
mited as e.g., time dependent mass transfer 
processes through the bulk particle cannot be 
simulated. Also related morphology changes 
including reasonable necking and breakup of 
fluid inclusions cannot be described. 
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APPENDIX A 
The Appendix A is a collection of selected experiments undertaken in the scope of this the-
sis. Experiments with the most usable results are listed in Table A.1 and overview slides 
of selected experiments follow on the next pages. Experiment movies can be found on the 
Appendix B – DVD.
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Table A1. Overview of experiment settings
Appendix A
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Experiment  ce01
Image Sequence  08
Temperature [ºC]  70
Strain rate [s-1]  2.9×10-06
Modus   dynamic
Process   GBM Rxx, dyn. GG
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Experiment   ce01
Image Sequence  10
Temperature [ºC]  70
Strain rate [s-1]  3.2×10-06
Modus   dynamic
Process    GBM Rxx, dyn. 
GG
Appendix A
113
Experiment  ce01
Image Sequence  11
Temperature [ºC]  70
Strain rate [s-1]  0
Modus   static
Process    post kin. annealing
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Experiment   ce01
Image Sequence  15
Temperature [ºC]  70
Strain rate [s-1]  0
Modus    post-kin. annealing
Process   Recovery
Appendix A
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Experiment  ce02
Image Sequence  01
Temperature [ºC]  50-70
Strain rate [s-1]  0
Modus   annealing
Process   GG
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Experiment   ce02
Image Sequence  03
Temperature [ºC]  70
Strain rate [s-1]  4.410-06
Modus   annealing
Process   GG
Appendix A
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Experiment  ce03
Image Sequence  01
Temperature [ºC]  50
Strain rate [s-1]  5.0×10-05
Modus   dynamic
Process   GBM Rxx
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Experiment   ce03
Image Sequence  07
Temperature [ºC]  70
Strain rate [s-1]  0
Modus    Post kin. annealing
Process   GG
Appendix A
119
Experiment  ce03
Image Sequence  10
Temperature [ºC]  70
Strain rate [s-1]  2.6×10-06
Modus   dynamic
Process   GBM Rxx / dyn GG
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Experiment   ce05
Image Sequence  01
Temperature [ºC]  50
Strain rate [s-1]  0
Modus   annealing
Process   Recovery / GG
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Experiment  ce05
Image Sequence  05
Temperature [ºC]  50
Strain rate [s-1]  1.0×10-05
Modus   dynamic
Process   dyn. GBM
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Experiment   ce05
Image Sequence  16
Temperature [ºC]  70
Strain rate [s-1]  0
Modus   annealing
Process   GG
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Experiment  ce08
Image Sequence  08
Temperature [ºC]  50
Strain rate [s-1]  0
Modus   annealing
Process   GG
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Experiment   cg05
Image Sequence  09
Temperature [ºC]  70
Strain rate [s-1]  1.6×10-06
Modus   dynamic
Process   GBM Rxx
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Overview of experiments series ph01. Results show the interaction of grain boundaries with fluid 
inclusions during annealing and dynamic recrystallization of polycrystalline halite in presence of 
saturated brine. The numbers are identifiers of image sequences. See Appendix B –DVD for all ex-
periment movies.
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Appendix A
Overview of experiments series ph01. Results show the interaction of grain boundaries with fluid 
inclusions during annealing and dynamic recrystallization of polycrystalline halite in presence of 
saturated brine. The numbers are identifiers of image sequences. See Appendix B –DVD for all ex-
periment movies.
127
Acknowledgements
A great number of persons helped me, supported me, and encouraged me in writing this thesis. 
There are lovely colleagues, patient reviewers, great technical staff, assiduous HiWis, and so on. I 
owe you all my deepest gratuity. Please apologize that I will only name a few of you in particular in 
the following.
First I would like to thank Janos Urai for being a committed, enthusiastic, encouraging, but also 
challenging “in passing” supervisor. Although there never seemed to be enough time to discuss my 
work, I greatly profited from his knowledge and experience. Scientific work has its ups and downs 
and so has life. I owe Janos lots of gratuity for taking his role as a “Doktorvater” so serious so many 
times in all kinds of phases I went through. 
Paul Bons is thanked for his immense support especially in the initial phase of the project. I greatly 
appreciate his style to explain and how he shares ideas and knowledge. 
I would like to thank Oliver Schenk for being a scientific contributor, for countless proofreadings, for 
inspiring discussions, and last not least for his love and for his patience.
An Assistant Professor is a person, usually sitting in a small office hidden behind piles of student 
homework and lecture notes, doing excellent research along the way, but having always an open 
ear to uncomplainingly answer any stupid question you are just to lazy to ask yourself or which feels 
unpleasant asking your supervisor. I would like to thank Steffen Abe, Jens Becker and Chris Hilgers 
for being/having been of such kind of colleagues.
You cannot succeed in doing experimental and lab work without the support of experienced and 
committed technical staff. I would like to thank Werner Kraus and F.-D. Scherberich for their support 
and countless favors.
You cannot survive Hochschul-administration without guidance of excellent secretaries. Thank you 
so much, Bettina and Evelyn.
Room 111 was a kind of special experience. I would like to thank my PhD-colleagues for sharing this 
experience and making the best out of it. In particular I would like to thank Heijn van Gent for sharing 
offices, thoughts and ideas for more than 5 years. Not at least, our “quarter past four boxing match“ 
made university life much more interesting.
My deepest gratitude goes to my whole family, who always supported and encouraged me. In parti-
cular, I would like to thank my parents for showing me that a linear path in life can only be the boring 
alternative.
Acknowledgements
128
129
Curriculum Vitae
Joyce Schmatz
Date of birth: 9 May 1977 in Gießen
Since  2006 PhD research in Geology, RWTH Aachen University
 2006 Diplom in Geology, RWTH Aachen University
  Diplom Thesis: Experimental Study on Clay Gouge Evolution in Mechanically   
  Stratified Sequences, supervised by Prof. Dr. Janos L. Urai (RWTH) and Prof. Dr.- 
  Ing. Martin Ziegler (RWTH)
  Diplom Mapping Thesis: The Geology of Moss Beach, San Mateo County, CA,  
  USA, supervised by Prof. Dr. Janos L. Urai and Prof. Dr. J.C. Moore (UCSC)
 2003 Vordiplom in Geology, RWTH Aachen University
Selected Publications
Sch matz, J. and Urai, J.L. in press. The interaction of migrating grain boundaries and fluid Inclusions 
in naturally deformed quartz: a case study of a folded and partly recrystallized quartz vein from 
the Hunsrück Slate, Germany. Journal of Structural Geology.
Sch matz, J., Schenk, O., Urai, J.L. in press. The interaction of migrating grain boundaries and fluid in-
clusions in rock analogues: the effect of wetting angle and fluid inclusion velocity. Contributions 
to Mineralogy and Petrology. DOI: 10.1007/s00410-010-0590-3. 
Sch matz, J. Vrolijk, P., Urai, J.L. 2010. Clay smear in mechanically layered sequences – the effect of 
multilayers and clay cementation in water-saturated model experiments. Journal of Structural 
Geology 32(11), 1834-1849
Sch matz, J. and Urai, J.L. 2010. The interaction of fluid inclusions and migrating grain boundaries 
in a rock analogue: deformation and annealing of polycrystalline camphor–ethanol mixtures. 
Journal of Metamorphic Geology 28(1), 1-18.
Sch matz, J., Holland, M., Giese, S., van der Zee, W., Urai, J.L. 2010. Clay smear processes in me-
chanically layered sequences – results of water-saturated model experiments with free surface. 
Journal of the Geological Society of India, Special Issue: Structural Geology – From classical to 
modern concepts, 75(1), 74-88.
Ada m, J.;,Urai, J. L.; Wieneke, B.; Oncken, O.; Pfeiffer, K.; Kukowski, N.; Lohrmann, J.; Hoth, S.; van 
der Zee, W.; Schmatz, J. 2005. Shear localisation and strain distribution during tectonic faulting 
- new insights from granular-flow experiments and high-resolution optical image correlation 
techniques, Journal of Structural Geology, 27(2), 83- 301.
Curriculum Vitae
130
